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ABSTRACT 

I n  o r d e r  t o  m e e t  t h e  r e q u i r e m e n t  o f  l o g i s t i c a l l y  

' ' s u p p o r t i n g  p l anned  l u n a r  a c t i v i t i e s  a r e u s a b l e  t h r e e  

component t r a n s p o r t  sys t em t h a t  moves v a r i o u s  p a y l o a d s  f rom 
i .  

I 

lower e a r t h  o r b i t  t o  t h e  moon's s u r f a c e  is proposed .  The 

s y s t e m  c o n s i s t s  o f  cargo c o n t a i n e r s ,  a t r a n s - o r b i t a l  t u g  t h a t  

t r a n s p o r t s  f o u r  p a y l o a d  c o n t a i n e r s  f rom a n  e a r t h  p a r k i n g  

- .  

- 

I '  

o r b i t  t o  a s i m i l a r  o r b i t  a b o u t  t h e  moon, and  a l a n d e r  t h a t  

b r i n g s  the c o n t a i n e r s  t o  t h e  l u n a r  s u r f a c e  o n e  a t  a t i m e .  

I 
! '  

I 

I The f i r s t  sys t em r e q u i r e m e n t  w a s  s h u t t l e  c o m p a t i b i l i t y .  

S i n c e  t h e  c o n t a i n e r s  are to  b e  b r o u g h t  i n t o  o r b i t  by t h e  STS, 

t h e i r  maximum we igh t  and  s i z e  a5 w e l l  a5 mounting p i n s  w e r e  
i !  
I f i x e d  b y  t h e  s h u t t l e .  No f u r t h e r  d e s i g n  a s p e c t s  of t h e  
I ; c o n t a i n e r  w e r e  c o n s i d e r e d  o u t s i d e  o f  t h e s e  t h r e e  p a r a m e t e r s .  

The second component o f  t h e  s y s t e m ,  t h e  t u g ,  is t h e  I i I  - 

h e a r t  o f  t h e  sys t em and was t h e  f o c u s  of t h e  d e s i g n  effort. 

i The e n e r g y  needed to t r a n s f e r  f o u r  c o n t a i n e r s  t o  l u n a r  o r b i t  

i c a u s e d  a c o n s i d e r a b l e  change  from t h e  o r i g i n a l  c o n c e p t  of t h e  

1 I t u g .  The h i g h  e n e r g y  r e q u i r e m e n t  d i c t a t e d  t h a t  t h e  t u g  f u e l  

I 

t a n k s  b e  p r o h i b i t i v e l y  l a r g e .  The r e - d e s i g n  o f  t h e  

s p a c e c r a f t  showed t h a t  by s t a g i n g  t h e  v e h i c l e  t h e  t a n k a g e  

problem c o u l d  b e  s o l v e d .  The p r o p u l s i o n  and  t a n k a g e  



,/- / 
r e q u i r e m e n t s ,  t h e  s t r u c t u r a l  demands, and  a d e t a i l e d  we igh t  

e s t i m a t i o n  w e r e  t h e  major d e s i g n  aspects g i v e n  t h e  m o s t  

d e t a i l  i n  t h e  t u g  d e s i g n .  O the r  t u g  components ,  s u c h  a5 t h e  

crew and power module, a t t i t u d e  c o n t r o l  sys t em,  and 

I communicat ion s y s t e m s  w e r e  t a k e n  + r a m  e i t h e r  a l r e a d y  p roposed  

s p a c e c r a f t  d e s i g n ,  such  as t h e  o n e  f o r  t h e  m a r s  m i s s i o n  ( ref .  

21, or f r o m  a l r e a d y  e x i s t i n g  d e s i g n  s u c h  a5 t h e  s p a c e  

I I s h u t t l e .  The t w o  major components t a k e n  d i r e c t l y  f rom t h e  

I 

i .  
s p a c e  s h u t t l e  are t h e  f o u r  SSME's u s e d  t o  p r o p e l  t h e  t u g  and 

I 

- .  t h e  s h u t t l e ' s  r e m o t e  m a n i p u l a t o r  a r m  t h a t  w i l l  be used  t o  

t r a n s f e r  t h e  p a y l o a d s  - F r o m  t h e  tug  to t h e  l a n d e r  w h i l e  i n  
- 

l u n a r  o r b i t .  
I 

A s  f a r  as t h e  l a n d e r  is conce rned ,  t i m e  c o n s t r a i n t s  d i d  
I 

n o t  a l l o w  f o r  m o r e  t h a n  a p r e l i m i n a r y  d e s i g n  overview. 
I 

I I n i t i a l  we igh t ,  t h r u s t  and t a n k a g e  e s t i m a t e s  w e r e  made. From 

t h i s ,  a drawing  w a s  made of a p o s s i b l e  c o n f i g u r a t i o n  for  t h e  

1 a n d e r .  

i i  
I :  

b 
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CHAPTER 1 - CONCEPT FORMULATION 

C u r r e n t l y  NASA is c o n s i d e r i n g  t h e  p o s s i b i l i t y  of t h e  

n e x t  s t e p  beyond t h e  s p a c e  s t a t i o n  - a p e r m a n e n t l y  manned 

l u n a r  b a s e .  Such a b a s e  would r e q u i r e  l o g i s t i c a l  s u p p o r t  as  

w e l l  as  a means of i n i t i a l  t r a n s p o r t a t i o n  t o  t h e  moon. F o r  a 

b a s e  of a n y  s i z e  and d u r a t i o n  a s u b s t a n t i a l  t r a n s p o r t a t i o n  

c a p a b i l i t y  would be n e c e s s a r y .  The  space s h u t t l e  now a l l o w s  

w e s t e r n  c o u n t r i e s  t o  c a r r y  p a y l o a d s  i n t o  l o w e r  e a r t h  o r b i t ,  

b u t  n o  f u r t h e r .  T h e r e  is t h e r e f o r e  a need  f o r  a l u n a r  

t r a n s p o r t a t i o n  sys t em,  s i m i l a r  t o  t h e  s h u t t l e .  

I t  is proposed  h e r e  t h a t  a s y s t e m  fo r  s u p p o r t i n g  a 

permanent  b a s e  on t h e  moon  is q u i t e  f e a s i b l e  and  c a n  b e  a 

r e a l i t y  i n  r e l a t i v e l y  a s h o r t  p e r i o d  o f - t i m e .  Such  a s y s t e m  

would b e  l a r g e l y  based  upon t h e  s p a c e  s h u t t l e  and  many of t h e  

s y s t e m s  i n t e g r a l  t o  i t ,  a l l o w i n g  far u s e  of p roven  s y s t e m s  

w i t h  minimal  a d d i t i o n a l  d e s i g n .  

j The s y s t e m  t h a t  is proposed  would b e  m a d e  up  of 

e s s e n t i a l l y  t h r e e  components: a t r a n s - o r b i t a l  v e h i c l e ,  a 

l u n a r  l a n d e r  and a g e n e r i c  c a r g o  c o n t a i n e r  ( F i g .  1-1)- The 

s i m p l i f i e d  m i s s i o n  p r o f i l e  would b e g i n  w i t h  a l o w  e a r t h  o r b i t  

r e n d e i - v o u s  between t h e  t r a n s - o r b i t a l  v e h i c l e  (or t u g )  and  

t h e  s p a c e  s h u t t l e  or  its d e r i v a t i v e s .  Next would f o l l o w  t h e  

f l i g h t  t o  t h e  moon, and a rendez-vous  t h e r e  w i t h  t h e  l u n a r  

l a n d e r  ( F i g  1-21. A t  each r e n d e i - v o u s  p a y l o a d s  would b e  

exchanged.  The l a n d e r  would t h e n  i n d e p e n d e n t l y  f l y  t o  t h e  

su r f ace  of t h e  moon t o  unload  its cargo. Cargo c o u l d  t h e n  b e  
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returned to the earth in reverse order- 
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. .  

Container built to 

Shuttle specs 

without the two annular r i n g s  

o f  containers attached 

.. 
, 

x 
I 

Lunar landing v e h i c l e  
I 

! 
1 :  

( t h e  two container positions 

a r e  shown b y  'the dashed 1 i n e s l  

1 1  

f ' ig.1.1 
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CHAPTER 2 - PHELIMINfiRY DESIGN 

2.1 BASIC RSSUMFTIONS 

13s a s t a r t i n g  p o i n t  i n  t h e  deve lopment  of t h e  s p a c e  t u g  

and  l u n a r  l a n d e r  system, t h e  f o l l o w i n g  g e n e r a l  s y s t e m  

; a s s u m p t i o n s  are made: f i r s t ,  t h e  c o n s t r u c t i o n  and a s sembly  of 

t h e  t h r e e  components  is c o m p l e t e  and  t h e  s y s t e m  is f u l l y  
I 

I o p e r a t i o n a l ,  f u n c t i o n i n g  i n  t h e  i n t e n d e d  env i ronmen t s .  N e x t ,  

t h e  a l t i t u d e  of t h e  e a r t h  o r b i t  w i l l  b e  set a t  a s p e c i f i c  

d i s t a n c e  i n  order t o  i n t e r a c t  w i t h  t h e  s p a c e  s t a t i o n  and  o t h e r  

1 c w  e a r t h  o r b i t  f a c i l i t i e s .  A l s o ,  a l l  o r b i t  c a l c u l a t i o n s  w i l l  

4 b e  made i d e a l  by c o n s i d e r i n g  o n l y  p o i n t  m a s s e s ,  a smooth 

s p h e r i c a l  l u n a r  s u r f a c e ,  and t h e  p r e s e n c e  o+ no orb i ta l  

I p e r t u r b a t i o n s .  F i n a l l y ,  t h e  t r a n s p o r t  v e h i c l e s  w i l l  b e  manned 

a s  w e l l  a5 r e u s a b l e .  

1 2.2 SYSTEM COMPCNENTS 
I 

The f i r s t  s y s t e m  component c o n s i s t s  of t h e  c o n t a i n e r ,  
I 

a n a l o g o u s  t o  a box car on a t r a i n .  No d e s i g n  c o n s i d e r a t i o n  

beyond t h e  s i z e ,  w e i g h t ,  and t h e  means o f  a t t a c h i n g  them t o  

t h e  t r a n s p o r t  v e h i c l e s  w i l l  be made. The s i z e  and  w e i g h t  w i l l  

I 
i 
I 

I 
I 

! b e  d e t e r m i n e d ,  b a s e d  on Space  S h u t t l e  c o m p a t i b i l i t y .  

The n e x t  component,  d e s i g n a t e d  t h e  t u g  f o r  d e s i g n  
I 

p u r p o s e s ,  w i l l  c a r ry  t h e  c o n t a i n e r s  from e a r t h  t o  l u n a r  o r b i t  

and back.  The a s p e c t s  t o  be d e t e r m i n e d  w i l l  i n c l u d e  t h e  t y p e  

of p r o p u l s i o n  and  f u e l  t a n k a g e  r e q u i r e m e n t s ,  t h e  a t t i t u d e  

-5- 



c o n t r o l  5y5tem, c r e w  r e q u i r e m e n t s ,  s t r u c t u r a l  material 5 ,  and 

s t r u c t u r a l  d e s i g n .  Alcng w i t h  t h e s e  a s p e c t s  s i z e ,  w e i g h t ,  and 

p o s s i b l y  cost e s t i m a t i o n  w i l l  b e  made. 

The f i n a l  component, t h e  l u n a r  l a n d e r ,  w i l l  t r a n s p o r t  t h e  
I 

c o n t a i n e r s  between t h e  l u n a r  s u r f a c e  and  the p a r k i n g  o r b i t  of  

t h e  t u g .  The d e s i g n  c o n s i d e r a t i o n s  of t h e  l a n d e r  w i l l  b e  t h e  

s a m e  as  t h o s e  of t h e  t u g .  The a d d i t i o n a l  a s s u m p t i o n  t h a t  t h e  

l a n d i n g  s i te  c h a r a c t e r i s t i c s  w i l l  n o t  a - f f e c t  t h e  l a n d e r ’ s  

c a p a b i l i t i e s  w i l l  also be made. 

I >  

I 

I 

2.3 COKPONENT INTERFGCE 

I I n  a d d i t i o n  t o  these s p e c i - f i c  a s p e c t s  of t h e  i n d i v i d u a l  

components ,  t h e  way i n  which t h e  t w o  v e h i c l e s  w i l l  r endez-vous  

I 

I 

. and t r a n s f e r  t h e  c o n t a i n e r s  w i l l  b e  examined. S o m e  sor t  of 

r e m o t e l y  m a n i p u l a t e d  a r m  w i l l  b e  u s e d  t o  -facil i tate t h i s  

r e q u i r e m e n t .  

With t h e s e  a s s u m p t i o n s  and  basic d e s i g n  r e q u i r e m e n t s  

made, a s i m p l i f i e d  d e s i g n  approach  is i n t e n d e d  f o r  a l l  

components  of  t h e  s y s t e m .  The f i n a l  r e p o r t ,  which h a s  

comple t ed  a l l  tasks proposed  s h o u l d  m a k e  a n  e x c e l l e n t  s t a r t i n g  

p o i n t  f o r  a c t u a l  d e t a i l e d  d e s i g n  and  i m p l e m e n t a t i o n  of  a n  

e a r t h  t o  moon t r a n s p o r t a t i o n  sys tem.  

- 6- 
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CHAPTER 3 - ENGINEER I N G  DEVELOPMENT 

3.1 THE CHBITS 

As w i t h  e v e r y  s p a c e c r a f t  d e s i g n ,  a s e q u e n c e  of s t e p s  i n  a 

s p e c i f i e d  order must t a k e  p l a c e  t o  e n s u r e  a l l  r e q u i r e m e n t s  

I h a v e  been  m e t .  The c h o i c e  of a n  o r b i t  f o r  t h e  s p a c e  t u g  and  

' l a n d e r  s y s t e m  w a s  t h e  f i r s t  s t e p .  F r o m  t h e  c h o i c e  of o r b i t  

t h e  e n e r g y  needed and  mis s ion  l i f e t i m e  w a s  e s t a b l i s h e d .  

T h e r e  w e r e  t h r e e  p a r a m e t e r s  t h a t  d r o v e  t h e  c h o i c e  o f  t h e  

outSoi;nd clrbi t: e n e r g y  r e q u i r e m e n t s ,  t h e  error t o l e r a n c e  at 

t h e  p e r e s e l e n i u m  a l t i t u d e ,  and t h e  t i m e  of f l i g h t .  The 

a l t i t u d e  t o l s r a n c e  w a s  a r b i t r a r i l y  set t o  f a l l  w i t h i n  a t w o  

s igma  d i s p e r s o n  or  t o  w i t h i n  99% of t h e  t a r g e t  value.  Once 

t h i s  w a s  f i x e d ,  p o s s i b l e  s o l u f i c n s  w e r e  examined,  we igh ing  

t i m e  of f l i g h t  v e r s e s  t h s  ene rgy  r e q u i r e d  t o  a c c o m p l i s h  t h e  

m i  ssi on. 

From t h e  l a r g e  number of p o s s i b l e  o r b i t s  t h a t  f e l l  

w i t h i n  t h e  l u n a r  a l t i t u d e  r e q u i r e m e n t s ,  t w o  w e r e  c h o s e n  as 

f u l f i l l i n g  a l l  t h r e e  r e q u i r e m e n t s .  The f i r s t  s o l u t i o n  

p r o v i d e d  t h e  best m i s s i o n  t i n e  f o r  t h e  least  amount of e n e r g y  

expended.  A t i n e  of f l i g h t  of 2.7 d a y s  f o r  a modest  d e l t a  V of  

4 . 1 6 7 1 : m / s  w a s  o b t a i n a b l e .  However, t h i s  d e l t a  V p l a c e d  a 

severe l o a d  on t h e  p r o p u l s i o n  s y s t e m  and  e v e n t u a l l y  t h e  f u e l  

t a n k a g e  r e q u i r e m e n t s  became too rest r ic t ive.  

E e c a u s e  of t h e  f u e l  r e q u i r e m e n t s ,  i t  became n e c e s s a r y  t o  



l o o k  i n t o  the orbit t h a t  a l lowed t h e  minimum e x p e n d i t u r e  of  

e n e r g y .  This o r b i t  r edaced  t h e  d e l t a  V r e q u i r e d  t o  3.935 

k m / s ,  y e t  p r o v i d e d  an  a c c e p t s b l e  4 .7  d a y  t i m e  o f  f l i g h t .  T h i s  

w a s  t h e  o r b i t  chosen  f o r  t h e  e a r t h  t o  noon t r a n s f e r .  

S i n c e  t h e  t i m e  needed t o  t r a n s f e r  f r o m  t h e  l u n a r  p a r k i n g  

o r b i t  t o  t h e  s u r f a c e  of t h e  moon w a s  less t h a n  an  h o u r ,  t h e  

e n e r g y  r e q u i r e d  w a s  t h e  on ly  d r i v i n g  f a c t o r  i n  t h e  choice of 

t h e  l a n d e r ' s  o r b i t .  T h e  minimum e n e r g y  t r a n s f e r  o r b i t  is a 

H o h m a n  t r a n s f e r  as w a s  u s e d  t o  a n  a l t i t u d e  o f  t w i c e  t h e  

h i g h e s t  l u n a r  mountain peak or f i v e  k i l o m e t e r s .  A t  t h i s  p o i n t  

t h e  l a n d e r  w i l l  t r a n s i t i o n  t o  a h i g h l y  e l l i p t i c a l  o r b i t  f o r  

t h e  f i n a l  d e s c e n t  t o  t h e  surface of t h e  moon. The o r b i t  

e c c e n t r i c i t y  w a s  f i x e d  a t  .96 i n  o r d e r  t o  p r o v i d e  a n  

a c c e p t a b l e  v e r t i c a l  t o  h o r i z o n t a l  v e l o c i t y  r a t io  a t  t o u c h  down 

on t h e  moon. The f i r ; a l  energy  r e q u i r e m e n t  p l a c e d  upon t h e  

l a n d e r  w a s  t o  p r o v i d e  f o r  an &art  o r b i t .  With t h i s  

r e q u i r e m e n t ,  t h e  d e l t a  V needed w a s  3.124 k m / s  and  a t i m e  of 

, f l i g h t  of  -95 hours .  
1 

3.2 THE PFIYLOAD CONTAINER 

With t h e  r e q u i r e m e n t  t h a t  p a y l o a d  c o n t a i n e r s  be s h u t t l e  

c o m p a t i b l e ,  a c y l i n d r i c a l  c o n t a i n e r  60 f e e t  i n  l e n g t h  and  14  

feet  i n  d i a m e t e r  w a s  deve loped .  A s  shown i n  f i g u r e  3-1 a 

p a y l o a d  c l e a r a n c e  e n v e l o p e  of 15 by 60 f e e t  i n  t h e  STS's c a r g o  

bay  p e r m i t s  s u f f i c i e n t  room f o r  a c o n t a i n e r  t o  f i t  i n s i d e .  

The p l acemen t  of keel and  t r u n n i o n  p i n s  on  t h e  c o n t a i n e r s ,  a5 
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shown below, p r o v i d e s  c o m p a t i b i l i t y  w i t h  t h e  s h u t t l e  c a r g o  

b a y ' s  keel and t r u n n i o n  t r a c k s  and are e f f e c t i v e l y  used  a s  

a t t a c h m e n t  p o i n t s  f o r  t h e  s p a c e  t u g  t o  c o n n e c t  to .  /- -. 
/ 

,' 
, 

- .  

I 

I 

I 

3.3 PROPULSION CONSIGERATIONS FOR THE SPACE TUG 

A f t e r  d e c i d i n g  upon a m i s s i o n  and  a b a s i c  s t r u c t u r e ,  a 

F r o p u l s i c n  s y s t e m  was needed. Several c h o i c e s  w e r e  a v a i l a b l e  

f o r  t h i s  sys t em,  or  would b e  i n  t h e  n e a r  - fu ture .  These  w e r e  

sol  i d  and 1 i q u i d  p r o p e l  1 e n t  chemica l  r a c k e t s  and non-chemical 

r o c k e t s  s u c h  a s  n u c l e a r  h e a t e d  r o c k e t s ,  e lectrostat ic  r o c k e t s ,  

and e lectrothermal  t h r u s t e r - s ,  

! E l e c t r o t h e r m a l  t h r u s t e r s ,  which are also c a l l e d  arc jets, 

a re  s i m p l e  and o p e r a t e  w i t h  a s i n g l e  p r o p e l l a n t  s u b s t a n c e  and 

electric c u r r e n t .  These  are l i m i t e d ,  however,  by t h e  o n s e t  o f  

h i g h  d i s s o c i a t i o n  losses  and t h e r m a l  losses t o  t h e  n o z z l e  

w a l l s .  Exhaus t  v e l o c i t i e s  are l i m i t e d  p r e s e n t l y  t o  17,000 m / s  

and a5 a r e s u l t ,  t h e y  a r e  good f o r  m i s s i o n s  w i t h  s m a l l  

v e l o c i t y  changes ,  b u t  are  n o t  s u i t a b l e  t o  t h i s  m i s s i o n .  
I 

E l e c t r o s t a t i c  r o c k e t s  o f f e r  t h e  a d v a n t a g e  o f  h a v i n g  

e x h a u s t  s t r e a m s  t h a t  can  be s t e e r e d  u s i n g  e lectr ic  f i e l d s .  

The e x h a u s t  s t r e a m  c a n  a l s o  b e  c o n t a i n e d  and  shaped  u s i n g  
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e lec t r i c  f i e l d s  which would g r e a t l y  r e d u c e  t h e  problem of  

s o l i d - s u r f a c e  e r o s i o n .  T h i s  d e v i c e  is l i m i t e d  i n  h i g h  e n e r g y  

d e v i c e s  by t h e  d i f f i c u l t y  of p r o d u c i n g  a d e q u a t e  t h r u s t  p e r  

area. T h i s  is b e c a u s e  t h e  r e q u i r e d  l a r g e  area of t h e  e m i t t e r  

res t r ic ts  t h e  beam f l o w  ra te  by i n t e r f e r i n g  w i t h  i t s e l f .  The 

d e v i c e  a l so  r e q u i r e s  heavy p r o p e l l a n t s  s u c h  as  ces ium or  

mercury  f o r  h i g h e r  t h r u s t s .  E l e c t r o s t a t i c  r o c k e t s  are n o t  

able t o  p r o d u c e  t h e  power r e q u i r e d  f o r  t h e  m i s s i o n  a t  an 

a c c e p t a b l e  power-to-mass r a t i  0.  

N u c l e a r  rockets are f a i r l y  e f f i c i e n t  and  c a n  use a 

v a r i e t y  of p r o p e l l a n t s .  They o p e r a t e  by p a s s i n g  t h e  

p r o p e l  l e n t  t h r o u g h  h e a t  exchanger  p a s s a g e s  w i t h i n  a n u c l e a r  

reactor  and t h e n  r e l e a s i n g  them t h r o u g h  a n o z z l e .  The e x h a u s t  

t e m p e r a t u r e  is much l o w e r  t h a n  t h a t  of chemical  rocke t  b e c a u s e  

i t  is l i m i t e d  by t h e  s t r u c t u r a l  t e m p e r a t u r e  l i m i t s  w i t h i n  t h e  

reactor i t s e l f .  The m o s t  e f f i c i e n t  p r o p e l l a n t  is, therefore ,  

.one t h a t  c a n  g i v e  t h e  maximum p o s s i b l e  s p e c i f i c  e n t h a l p y  f o r  

, t h i s  l i m i t i n g  t e m p e r a t u r e .  S p e c i f i c  e n t h a l p y  is n e a r l y  

p r o p o r t i o n a l  t o  t h e  i n v e r s e  of  m o l e c u l a r  w e i g h t ,  so molecular 

hydrogen  is t h e  b e s t  choice, b u t  o t h e r  p r o p e l l a n t s  c a n  b e  u s e d  

i f  n e c e s s a r y .  Using hydrogen,  t h e  e x h a u s t  v e l o c i t y  c a n  be 

made a s  much a5 t w i c e  t h a t  of chemica l  rockets. Al though it 

r e q u i r e s  mass ive  s h i e l d i n g ,  t h i s  d e v i c e  is a v e r y  v i a b l e  

o p t i o n  f o r  t h e  GEOSEL miss ion .  

Sol i d  p r o p e l l a n t  rockets h a v e  good t h r u s t - t o - w e i g h t  

ra t ios  and  i t  is c u r r e n t l y  p o s s i b l e  t o  d e s i g n  t h e s e  r o c k e t s  t o  
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p r o d u c e  t h e  v e l o c i t y  c h a n g s s  n e c e s s a r y  f o r  t h e  GEOSEL miss ion .  

The d i f f i c u l t i e s  arise when t h e  m i s s i o n  p r o f i l e  is c o n s i d e r e d .  

The m i s s i o n  r e q u i r e s  a t h r o t t l e d  d e v i c e  and o n e  t h a t  c a n  b e  

s h u t  down and r e s t a r t e d .  T h i s  is n o t  p o s s i b l e  now and ,  

a l t h o u g h  it may b e  i n  t h e  f u t u r e ,  s o l i d  r o c k e t s  w e r e  n o t  

c o n s i d e r e d  f o r  t h i s  miss ion .  

The r e m a i n i n g  o p t i o n  is t h e  l i q u i d - p r o p e l l a n t  r o c k e t .  Of 

t h e s e ,  t h e  b e s t  c h o i c e  is t h e  l i q u i d  oxygen- l iqu id  hydrogen  

combina t ion .  A l i q u i d  p r o p e l l a n t  r o c k e t  s y s t e m  a l l o w s  t h e  

p r o p e l l a n t  t o  be S r o u g h t  up t o  t h e  s p a c e c r a f t  i n  p o r t i o n s .  and 

is a lso  a v a i l a b l e  i n  "o+f  t h e  5 h e l + "  d e s i g n s  now. With a 

t h r o t t l e a b l e  e n g i n e ,  t h e  p T o b l e m  of  h i g h  burn-out  a c c e l e r a t i o n  

is a v o i d e d ,  and thz t h r u s t  c a n  b e  t a i l o r e d  to t h e  p a y l o a d  

r e q u i r e m e n t s .  The problem w i t h  t h i s  r o c k e t  is t h a t  a f i r s t  

s t a g e  s y s t e m  r e q u i r e s  v e r y  l a r g e  f u e l  volumes. 

Both t h e  l i q u i d  oxygen - l i q u i d  hydrogen  and  t h e  n u c l e a r  

, h e a t e d  r o c k e t  s y s t e m s  a r e  v i a b l e  o p t i o n s  for t h e  s p a c e  t u g .  

The n u c l e a r  r o c k e t  m u s t  be s h i e l d e d  and  is v e r y  b u l k y  i t s e l f .  

The LO;: - LHZ rocket r e q u i r e s  l a r g e  f u e l  t a n k  s i z e s  f o r  a 

f i r s t  s t a g e .  Each s y s t e m  weighed a g a i n s t  t h e  o t h e r  h a s  its 

a d v a n t a g e  and d i s a d v a n t a g e s  a n d  e i t h e r  c o u l d  f u l f i l l  t h e  

m i s s i o n  r e q u i r e m e n t s ,  b u t  b e c a u s e  o+ t h e  added d i f f i c u l t i e s  

w i t h  t h e  n u c l e a r  sys tem,  t h e  l i q u i d  - p r o p e l l a n t  rocket w a s  

chosen .  
I 

- ;i.4 SPACE TUG DEVELOPMENT 
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Once the orbits had been established the actual design of 

the space tug w a 5  begun. Given the mission specifications, 

the first design consideration w a s  t o  make a space tug that 

would be single stage and capable of delivering a sufficient 

number of payloads to make shuttling from lower earth orbit t o  

the moon’s orbit a feasable method of supporting various lunar 

activities. Figure 1-1 was used as a starting point in the 

tug’s design. In considering the space shuttle’s capability 

of: carrying a payload of 65,000 pounds, four containers were 

chosen a5 the total payload of the space tug. This amount of 

payload is more than sufficient t o  support lunar mining, 

manufacturing, or colcnization of a large scale. 

The process of designing the space tug involved an 

iterative process that required the design specification of a 

number of components- Specifically, the spacecraft’s 

propulsion, propulsion tankage, structure, and any other 

aspects affecting weight and siiing needed t o  be considered. 

A s  a starting point in the iteration process, a main structure 

was chosen that consisted of a truss that would surround the 

propulsion tankage and also support containers attached t o  the 

exterior of t h e  truss ( F i g .  3-2). A c r e w  module and a power 

module would attach t o  this structure at the forward end of 

the truss. The power module would fasten to the aft end of 

the crew module and t h e  power module would attach directly to 

the truss framework (Fig. 3-31. 

Space shuttle derived engines were used for the tug’s 
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p r o p u l s i o n  sys t em ( F i g .  3-4) . S i n g l e  oxygen and  hydrogen  

t a n k s  would b e  used  t o  house  t h e  p r o p e l l e n t s .  A t t i t u d e  

c o n t r o l  t h r u s t e r s  would b e  p l a c e d  a t  t h e  f o r e  and  a f t  e n d s  of  

t h e  t u g  t o  p r o v i d e  f o r  maneuvering c a p a b i l i t y .  T h e s e  

t h r u s t e r s  would a l so  b e  s h u t t l e - b a s e d  d e s i g n  ( F i g .  3-51. 

T h e  s h a p e  f o r  t h e  hydrogen and oxygen t a n k s  w a 5  chosen  t o  

b e  c y l i n d r i c a l  w i t h  h e m i s p h e r i c a l  ends .  T h i s  s h a p e  w a s  chosen  

b e c a u s e  it is w e l l  s u i t e d  t o  t a k e  l o n g i t u d i n a l  f o r c e s  and c a n  

be e a s i l y  f i t t e d  i n t o  a s p a c e  f r a m e  s t r u c t u r e .  A s p h e r i c a l  

t a n k  would a lso have been  p o s s i b l e ,  b u t  f o r  t h e  volumes  of 

f u e l  r e q u i r e d ,  t h e  r a d i u s  of t h e  t a n k  would b e  v e r y  l a r g e .  

The m i s s i o n  a l so  r e q u i r e s  t h a t  t h e  p a y l o a d s  e x p e r i e n c e  most o f  

t h e i r  f o r c e s  a l o n g  t h e  l o n g i u t u d i n a l  a x i s ,  and  b e  e a s i l y  

a a c c e s s i b l e  f o r  t r a n s f e r - .  A s p h e r i c a l  t a n k  would m a k e  t h i s  

d i f f i c u l t ,  w h i l e  it is e a s i l y  done  w i t h  a c y l i n d r i c a l  t a n k .  

The h e m i s p h e r i c a l  e n d s  s imply  m a k e  t h e  t a n k s  s t r o n g e r  and  more 

: s t r u c t u r a l l y  sound t h a n  r i g h t  c i rcular  t a n k s  would be.  

With f o u r  c o n t a i n e r s  s u r r o u n d i n g  a t r u s s  s t r u c t u r e ,  a 

r e m o t e  m a n i p u l a t o r  a r m  ( F i g .  3-61 w a s  chosen  t h a t  would b e  

' a b l e  t o  t r a n s f e r ,  o n e  a t  a t i n e ,  e a c h  c o n t a i n e r .  Using o n l y  
1 

o n e  m a n i p u l a t o r  a r m  t o  move p a y l o a d s  a t t a c h e d  on e s s e n t i a l y  a 

c i r c u l a r  s t r u c t u r e  r e q u i r e d  t h a t  t h e  m a n i p u l a t o r  a r m  b e  p l a c e d  

on a c i r c u l a r  t r a c k  where  i t  c o u l d  move a r o u n d  t h e  s t r u c t u r e  

so t h a t  a l l  f o u r  c o n t a i n e r s  c o u l d  b e  a c c e s s i b l e .  
I 

Using a t o t a l  p a y l o a d  w e i g h t  of  260,000 pounds  and  

e s t i m a t i n g  t h e  s t r u c t u r a l  weight ,  a computer  program w a s  u s e d  
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t o  d e t e r m i n e  t h e  t o t a l  f u e l  r e q u i r e d  t o  g i v e  t h e  n e c e s s a r y  

change  i n  v e l a c i t y .  The t h r u s t  w a s  a l so  d e t e r m i n e d  a t  t h e  

s a m e  t i m e ,  and t h i s  w a s  used t o  set t h e  number of  e n g i n e s  

r e q u i r e d .  T h i s  nuiriber w a s  t h e n  used  t o  r e - e s t i m a t e  t h e  t o t a l  

s t r u c t u r a l  we igh t  and t o  r e p e a t  t h e  p r o c e s s .  The f i n a l  number 

of e n g i n e s  was chosen  t o  be t w o  s h u t t l e  main e n g i n e s  w i t h  t w o  

: s m a l l e r  s h u t t l e - d e r i v e d  e n g i n e s  t o  m a k e  up t h e  d i f f e r e n c e  in 

I r e q u i r e d  t h r i l s t .  

While t h e  t o t a l  weight  o f  t h e  s p a c e  t u g  w a 5  b e i n g  re- 

e s t i m a t e d ,  based  on v e r y  rough e s t i m a t e s  of  t h e  t u g ' s  

s t r u c t u r a l  we igh t ,  an i n i t i a l  d e s i g n  of t h e  t u g ' s  s t r u c t u r e  

w a s  made t h a t  i n c l u d e d  a c t u a l  d imens ions .  Eln o c t a g o n a l  t r u s s  

s t r u c t c r e  w a s  chosen  w i t h  a l e n g t h  of 60 f e e t  and a d i a m e t e r  

of 14 f e e t .  The l e n q t h  of 60 f e e t  w a s  d e c i d e d  on t o  minimize  

s i z e  and we igh t  b u t  still a l l o w  for c o m p l e t e  s u p p o r t  of t h e  

c o n t a i n e r s .  The 14 f o o t  d i a m e t e r  of t h e  t r u s s ,  t h e  s a m e  

d i a m e t e r  a s  t h e  c o n t a i n e r s ,  a g a i n  minimized s t r u c t u r a l  we igh t  

, and s i z i n g  b u t  a lso a l l o w e d  f o r  ample  s p a c i n g  between t h e  f o u r  

c o n t a i n e r s .  A s p a c i n g  of  six f e e t  between t h e  c o n t a i n e r s  was 

c a l c u l a t e d ,  a l l o w i n g  r o o m  f o r  t h e  r e m o t e  m a n i p u l a t o r  a r m  t o  

maneuver. 



I n  order t o  r e d u c e  s t 7 u c t u r a l  w e i g h t  as  much as  p o s s i b l e ,  

T-6061 aluminum w a 5  chosen  a5 t h e  m a t e r i a l  for a l l  t r u s s  

member components.  Aluminum, a s  compared w i t h  s u c h  o t h e r  

m a t e r i a l s  as t i t a n i u m  and g r a p h i t e ,  i 5  also less e x p e n s i v e  t o  

use. The c o m p r e s s i v e  y i e l d  stress of aluminum is 35,000 p s i  

(Ref .  15). With a t o t a l  of e i g h t  l o n g i t u d i n a l  s t r i n g e r s  t h a t  

' form t h e  t r u s s  s t r u c t u r e ,  i n i t i a l  ~ t r u c t u r - a l  stress e s t i m a t e s  

p e r m i t t e d  r e a s o n a b l e  cross s e c t i o n s  f o r  t h e s e  members- 

F i n a l l y ,  t h e r m a l  e x p a n s i o n  o+ t h e  members w a s  n o t  c r i t i c a l  

b e c a u s e  t h e  s p a c e c r a f t  is n o t  a f f e c t e d  by s m a l l  c h a n g e s  i n  

member l e n g t h s -  

I n  o r d e r  t o  s i m p l i + y  c o n s t r u c t i o n  of  t h e  t r u s s  framework, 

common member and  j o i n t s  w e r e  chosen  when p o s s i b l e .  

S p e c i f i c a l l y ,  t h e  + r a m e w o r k  would c o n s i s t  of common 

l o n g i t u d i n a l ,  l a t e r a l ,  and  d i a g o n a l  members. Members and  

j o i n t s  t h a t  would n o t  b e  p a r t  of t h e  common e l e m e n t s  would be 

, t h e  o n e s  t h a t  s u p p o r t  t h e  f u e l  t a n k s  and  a150 s u p p o r t  t h e  

c o n t a i n e r s .  For f u r t h e r  s i m p l i f i c a t i o n ,  o n l y  t h e  member's 

c r o s s - s e c t i o n a l  area would be c o n s i d e r e d  i n  t h e  d e s i g n  

p r o c e s s .  C r o s s - s e c t i o n a l  geometry d i d  n o t  need  t o  be 

s p e c i f i e d  d u e  t o  t h e  assumpt ion  t h a t  the t r u s s  c o n s i s t e d  o f  

t w o  f o r c e  members. 

For s a f e t y  p u r p o s e s  and t o  m e e t  m i s s i o n  r e q u i r e m e n t s ,  a 

t h r e e  man c r e w  would be n e c e s s a r y .  Using a volume p e r  man of  

650 c u b i c  f e e t ,  a l l o w i n g  room f o r  communica t ions ,  
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consummables,  e l e c t r o n i c  sys t ems ,  and  i n c l u d i n g  t h e  power 

module as  a n  i n i t i a l  s i z e  e s t i m a t e ,  a module- type s t r u c t u r e  20 

f e e t  i n  l e n g t h  and  15 feet i n  d i a m e t e r  would a t t a c h  t o  t h e  

f r o n t  of  t h e  t r u s s  framework. 

Having produced  a n  i n i t i a l  d e s i g n  of  t h e  t u g ,  w i t h  a 

number of  f u r t h e r  d e s i g n  c o n s i d e r a t i o n s  still t o  b e  made, t h e  

p r o p u l s i o n  r e q u i r e m e n t s ,  i n c l u d i n g  -fuel t a n k a g e  

c o n s i d e r a t i o n s ,  t h a t  w e r e  b e i n g  c a l c u l a t e d  d u r i n g  t h e  d e s i g n  

process: produced  r e s u l t s  t h a t  d i d  n o t  p e r m i t  t h e  number of 

e n g i n e s  o r i g i n a l l y  c o n s i d e r e d  t o  p r o d u c e  enough t h r u s t .  The 

volume of f u e l  r e q u i r e d  also c o u l d  n o t  b e  c o n t a i n e d  by t h e  

s t r u c t u r e .  

The volume of f u e l  r e q u i r e d  would h a v e  needed  s e v e r a l  

s m a l l e r  t a n k s  t o  c o n t a i n  i t  and  still  w i t h s t a n d  t h e  d e s i g n  

a c c e l e r a t i o n s .  

i n  t h e  s u p p o r t i n g  s t r u c t u r e .  T h i s  became a key problem i n  t h e  

d e s i g n  p r o c e s s  and r e q u i r e d  new i d e a s  i n  s o l v i n g  it. To 

r e d u c e  t h e  f u e l  amount, two o p t i o n s  w e r e  c o n s i d e r e d .  The 

f i r s t  of  t h e s e  s i m p l y  i n v o l v e d  r e d u c i n g  t h e  number of p a y l o a d s  

t o  t w o .  T h i s  d i d  s a v e  a good d e a l  of volume and  w e i g h t ,  b u t  

i t  would still n o t  f i t  w i t h i n  t h e  f i r s t  s t r u c t u r e .  The second  

o p t i o n  w a s  t o  keep t h e  four p a y l o a d s  and  t o  s t a g e  t h e  t u g .  

T h i s  o p t i o n  a l l o w e d  t h e  d e s i g n  a l r e a d y  comple t ed  t o  be u s e d  

f o r  t h e  second  s t a g e  of t h e  t u g .  The f u e l  s a v i n g s  r e a l i z e d  

t h r o u g h  s t a g i n g  r e d u c e d  t h e  s i z e  and  p r o j e c t e d  cost of  t h e  

m i s s i o n .  

T h i s  would h a v e  c a u s e d  u n n e c e s s a r y  c o m p l e x i t y  

T h i s  second method w a s  chosen  as t h e  d e s i g n  t o  b e  



used  I 

S t a g i n g  offers  many a d v a n t a g e s  o v e r  non- s t ag ing  s y s t e m s ,  

The m o s t  o b v i o u s  o f  t h e s e  is t h e  f u e l  s a v i n g s  d u e  t o  n o t  

h a v i n g  t o  c a r r y  t h e  e x t r a  we igh t  t h r o u g h  a l l  maneuvers.  T h i s  

method a l so  a l l o w s  f o r  m i s s i o n  f l e x i b i l i t y  by u s i n g  d i f f e r e n t  

s i z e  l o w e r  s t a g z s  f o r  d i f f e r e n t  p a y l o a d s  and  m i s s i o n  p r o f i l e s .  

' To f u r t h e r  s a v e  w e i g h t ,  t h e  booster s t a g e  c o u l d  u t i l i z e  t h e  

e n g i n e s  of  t h e  s econd  s t a g e  d u r i n g  its burn and  s u p p l y  them 

f rom i ts  own t a n k s  i n  a manner s i m i l a r  t o  t h a t  u s e d  w i t h  t h e  

s p a c e  s h u t t l e  and its e x t e r n a l  t a n k .  

The b o o s t e r  s t a g e  would u 5 e  t h e  s a m e  truss s t r u c t u r e  a s  

t h e  p a y l o a d  s t a g e  t o  s i m p l i f y  c o n s t r u c t i o n ,  and  would u s e  t h e  

s a m e  b a s i c  p r o p u l s i o n  s y s t e m ,  The b o o s t e r  would r e q u i r e  an  

a d d i t i o n a l  t r u s s  s t r u c t u r e  t o  c o n n e c t  i t - t o  t h e  second  s t a g e  

d u r i n g  t h e  p o r t i o n  of  t h e  m i s s i o n  t h a t  would r e q u i r e  t h e  t w o  

t o  o p e r a t e  as  o n e  u n i t .  The b o o s t e r  would s e p a r a t e  f rom t h e  

s e c o n d  s t a g e  t o  a l l o w  i t  t o  g o  i n t o  o r b i t  a round  the moon, 

1 w h i l e  t h e  b o o s t e r  r e t u r n e d  t o  e a r t h  v i a  a f r e e - r e t u r n  o r b i t  

and  resumed o r b i t i n g  t h e  e a r t h  n e a r  t h e  s p a c e  s t a t i o n  

a l t i t u d e .  The second  s t a g e  would t h e n  r e n d e z v o u s  w i t h  t h e  

l a n d i n g  v e h i c l e  i n  l u n a r  o r b i t  and  r e t u r n  t o  e a r t h  on its own, 

To f u r t h e r  save on f u e l ,  t h e  o r i g i n a l  t r a n s f e r  o r b i t ,  

which w a s  chosen  on t h e  b a s i s  o f  t i m e  i n  t r a n s i t ,  w a s  t r a d e d  

for a Hohmann t r a n s f e r .  T h i s  d i d  n o t  c a u s e  e x c e s s i v e  t i m e  

d e l a y s  (le55 t h a n  2 d a y s )  and s a v e d  a round  h a l f  a .k i lome te r  per 

s e c o n d  i n  v e l o c i t y  changes .  For t h e  r e t u r n  o r b i t ,  t h e  s a m e  
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t r a n s f e r  w a s  u s e d ,  e x c e p t  t h a t  a s m a l l  d e v i a t i o n  would b e  made 

a t  t h e  moon i n  o r d e r  t o  lower t h e  p e r i g e e  a l t i t u d e .  T h i s  

would b e  done  t o  a l l o w  a e r o b r a k i n g  t o  b e  used .  A b a l l u t e  

s y s t e m  w i t h  c o n t r o l l a b l e  d rag  w a s  d e c i d e d  upon as t h e  b r a k i n g  

sys tem.  The b a l l u t e  d r a g  would b e  c o n t r o l l e d  by c h a n g i n g  t h e  

volume c o n t a i n e d  b y  t h e  b a l l u t e  w h i l e  it w a s  deployed .  T h i s  

' would save c o n s i d e r a b l e  amounts of  f u e l  and  we igh t  i n  b o t h  t h e  

b o o s t e r  and  t h e  second s t a g e .  

The e n g i n e e r i n g  development  of  t h e  s p a c e  t u g  c o n t i n u e d  a t  

t h i s  p o i n t  w i t h  t h e  d e s i g n  of  t h e  c o n t a i n e r  s u p p o r t s .  Having 

d e c i d e d  t h a t  t h e  c o n t a i n e r s  would b e  c o n s t r u c t e d  w i t h  e x t e r n a l  

p i n s  t h a t  would p r o v i d e  c o m p a t i b i l i t y  w i t h  t h e  s p a c e  s h u t t l e ' s  

c r a d l i n g  sys t em,  a c o n t a i n e r  s u p p o r t  f r a m e  w a s  d e s i g n e d  t h a t  

would a t t a c h  t h e  c o n t a i n e r ,  by means o f  its t r u n n i o n  and k e e l  

p i n s  t o  t h e  t r u s s  s t r u c t u r e .  With t h e  a s sumpt ion  t h a t  a l l  

c o n t a i n e r s  would b e  60 feet  l o n g  and  14 f e e t  i n  d i a m e t e r ,  

h a v i n g  t h e  p i n s  on e a c h  s i d e  o f  t h e  c o n t a i n e r  s i x  f e e t  i nward  

o f  t h e  e n d s ,  and r e q u i r i n g  o n l y  mechan ica l  s u p p o r t ,  a cross 1 
f r ame ,  I-beam t y p e  s t r u c t u r e  w a s  d e v e l o p e d  (F ig .  3-71. T h e r e  

would b e  we ld ing  of t w o  of t h e s e  f r a m e s  t o  make a c o r n e r  

p i e c e .  T h i s  c o r n e r  p i e c e  would c o n n e c t  a t  f o u r  p o i n t s  on t h e  

t r u s s  framework. A t  t h e  ends  where  t h e  c o n t a i n e r s  would 

a t t a c h ,  a s w i v e l  t y p e  c l a m p  w a s  c o n s i d e r e d  t h a t  would g r a s p  

a round  t h e  c o n t a i n e r ' s  keel and t r u n n i o n  p i n s .  An I-beam t y p e  

cross  s e c t i o n  w a s  chosen  i n  o r d e r  t o  p r o d u c e  a l i g h t  w e i g h t ,  

r i g i d  s t r u c t u r e  (F ig .  3-8). 



T h e  power fo r  t h e  s p a c e c r a f t  would b e  p r o v i d e d  by a 

n u c l e a r  power p l a n t .  Nuclear power g e n e r a t i o n  w a s  chosen  

b e c a u s e  of  t h e  m i s s i o n  c h a r a c t e r i s t i c s :  e x t e n d e d  o p e r a t i n g  

t i m e s ,  r e p e a t e d  a c c e l e r a t i o n s ,  and  o p e r a t i n g  i n  t h e  shadows o f  

b o t h  t h e  moon and t h e  e a r t h .  The n u c l e a r  g e n e r a t o r  a l l o w s  

l o n g t e r m  o p e r a t i o n  w i t h o u t  r e p l e n i s h i n g  its f u e l ,  and  f r e e s  

J t h e  s p a c e c r a f t  f r o m  h a v i n g  t o  s e e k  t h e  s u n  or c a r r y  enough 

' e x t r a  f u e l  t o  b u r n  f o r  power. Solar a r r a y s  would n o t  b e  

c a p a b l e  of w i t h s t a n d i n g  t h e  a c c l e r a t i o n s  n e c e s s a r y  n o r  would 

t h e y  work w e l l  when r e p e a t e d l y  exposed  t o  t h e  h i g h  e n e r g y  

p a r t i c l e s  i n  t h e  Van A l l e n  b e l t s  of  t h e  e a r t h .  

The command, g u i d a n c e  and  c o n t r o l  s y s t e m s  would b e  t a k e n  

f rom e x i s t i n g  s y s t e m  deve lopmen t s  s u c h  as t h e  s h u t t l e .  A 1 1  

e n g i n e  b u r n s  i n  o r b i t  would r e q u i r e  a s m a l l  "p r iming"  b u r n  by 

a p r e s s u r e  f e d  s y s t e m  s u c h  a s  t h e  a t t i t u d e  c o n t r o l  s y s t e m  t o  

g e t  t h e  f u e l  i n  t h e  main t a n k s  t o  g a t h e r  a t  t h e  a f t  end  f o r  

c o l l e c t i o n  i n t o  t h e  m a i n  e n g i n e  f e e d  s y s t e m .  Wi thout  t h e  

, s m a l l  b u r n ,  t h e  f u e l  would b e  free f l o a t i n g  w i t h i n  t h e  t a n k  and  

would n o t  b e  a b l e  t o  b e  pumped. 

- 

3.5 LUNAR LANDER DEVELOPMENT 
,' 

Due t o  t i m e  c o n s t r a i n t s  n e a r i n g  t h e  end  of t h e  s e m e s t e r ,  

t h e  l u n a r  l a n d e r  w a s  n o t  f u l l y  deve loped  i n t o  a f i n a l  d e s i g n  

w i t h  a l l  p a r a m e t e r s  f u l l y  d e f i n e d .  The p r e l i m i n a r y  

development  of t h e  l u n a r  l a n d e r  d e s i g n  w a s  d r i v e n  b y  t w o  

p r i m a r y  f a c t o r s  - t h e  payload  s p e c i f i c a t i o n s  and  t h e  d e l t a  V 



r e q u i r e m e n t s .  The payload  s p e c i f i c a t i o n s  w e r e  set by t h e  

d e c i s i o n  t o  m a k e  t h e  c o n t a i n e r s  c o m p l e t e l y  s h u t t l e  c o m p a t i b l e .  

meaning t h a t  the  t h e i r  maximum w e i g h t ,  l e n g t h  and d i a m e t e r  

w e r e  f i x e d .  A l s o ,  t h i s  d e c i s i o n  set t h e  means of mounting a 

s i n g l e  c o r ; t a i n e r  on t h e  l a n d e r ,  r e q u i r i n g  t h e  u s e  of  t h e  s a m e  

a r r angemen t  and type of  f i t t i n g s  found i n  t h e  s h u t t l e  bay. 

I T h e  o r b i t  chosen  for  t h e  l u n a r  rendez-vous  is a 100 k m  

c i r c u l a r  o r b i t .  T h i s  is t h e  h i g h e s t  a l t i t u d e  t h e  l a n d e r  w i l l  

h a v e  t o  a t t a i n ,  a s  it w i l l  m e e t  t h e  space t u g  t h e r e .  From 

t h a t  o r b i t  t h e  l a n d e r  w i l l  e f f e c t  a 57 m i n u t e  d e s c e n t  t o  t h e  

s u r f a c e .  The t o t a l  d e l t a  V r e q u i r e d  f o r  a t r i p  t o  t h e  s u r f a c e  

and a f u l l  a b o r t  c a p a b i l i t y  is 3.17 k m / s .  

With t h e s e  t w o  f a c t o r s  i n  mind, a w e i g h t  e s t i m a t e  w a s  

made. With a maximum pay load  of 65,000 pounds,  a s t r u c t u r e  of  

20,000 pounds,  and a n  o r i g i n a l  e s t i m a t e  of  f u e l  w e i g h t  a t  

20,000 pounds  t h e  t o t a l  weight  w a s  e s t i m a t e d  a t  105,000 

pounds.  C o n s i d e r i n g  t h a t  t h e  g r a v i t a t i o n  of  t h e  moon i 5  

a p p r o x i m a t e l y  o n e  s i x t h  t h a t  of  t h e  e a r t h ,  it w a s  d e c i d e d  t o  

stress t h e  c r a f t  as l i t t l e  as  p o s s i b l e  when t h r u s t i n g  so as t o  

keep  t h e  s t r u c t u r a l  r e q u i r e m e n t s  f o r  s t r e n g t h  down. A to ta l  

t h r u s t  of  25,000 pounds  was, t h e r e f o r e ,  s e l e c t e d .  C o n s i d e r i n g  

j 

t h a t  a s i n g l e  s h u t t l e  OMS e n g i n e  d e v e l o p s  6000 pounds  t h r u s t ,  

f o u r  of t h e s e  were chosen  (F ig .  3-91. The f u e l  w e i g h t  w a s  

d e t e r m i n e d  t o  b e  94,000 pounds, somewhat h i g h e r  t h a n  e x p e c t e d .  

However, a p r o p u l s i o n  e x p e r t  a t  RCA A s t r o  D i v i s i o n  i n  

P r i n c e t o n ,  N e w  J e r s e y  w a s  c o n s u l t e d  and f e l t  t h a t  number w a s  
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r e a s o n a b l e .  It is assumed t h a t  a d v a n c e s  w i l l  b e  made i n  t h e  

n o z z l e s  t o  a l l o w  f o r  l o n g  ( m o r e  t h a n  40 m i n u t e s )  c o n t i n u o u s  

b u r n s  o v e r  a l o n g  service l i f e -  I t  is also assumed t h a t  t h e  

OMS e n g i n e  w i l l  be r e -des igned  for t h r o t t l e a b i l i t y .  Four s u c h  

I improved e n g i n e s  are t o  be a t t a c h e d  by a p i n  j o i n t  a t  t h e  

t h r o a t  of e a c h  e n g i n e  (Ref .  10). 

The t a n k i n g  w a s  de te rmined  t o  b e  a t  l eas t  187,0@0 pounds  
1 %  

o+ H2 and N204, (Appendix 10).  These  f u e l s  are s t o r e d ,  by  

; c o n v e n t i o n ,  a t  250 p s i  (Ref. 8). T h e i r  d e n s i t y  mised is .0419 

l b / f t ” Z ,  r e q u i r i n g  a t o t a l  t a n k a g e  o+ 2,600 f t “ 3 .  T h i s  1 5  

I 

I 

s e p a r t a t e d  i n t o  four t a n k s ,  e a c h  650 +t“3. They w i l l  b e  

c y l i n d r i c a l  w i t h  h e m i s p h e r i c a l  e n d s ,  a p p j r o x i m a t e l y  20.5 f t  
1 

l o n g  and 6.5 f t  i n  d i a m e t e r .  They w i l l  b e  hung l a t e r a l l y  

, below t h e  main s t r u c t u r e  of t h e  l a n d e r .  The program t o  

I d e t e r m i n e  t a n k i n g  is i n c l u d e d  i n  Appendix C-3. 

T h e  b a s e  for t h e  l a n d e r ’ s  s t r u c t u r e  is t h e  keel. T h i s  is 

s i m i l a r  t o  t h e  keel i n  t h e  s p a c e  s h u t t l e ,  and  w i l l  a c c e p t  

s h u t t l e  c o m p a t i b l e  pay loads .  T h i s  w i l l  b e  t h e  s t r o n g e s t  
i !  

i l  

I 

. I  

I 

i member of t h e  l a n d e r .  The g - load ing  of t h e  k e e l  (see Appendix 

10) and t h e  e n t i r e  l a n d e r  for t h e  f l i g h t  p r o f i l e  is i n c l u d e d  
i l  

. i n  Appendix C-3. 

I The method of  a t t a c h i n g  p a y l o a d s  t o  t h e  l a n d e r  w i l l  b e  a I ‘  

I 

i 
’ 

k e t  of c r a d l e s  t h a t  w i l l  a c c e p t  the mounting p i n s  u s e d  i n  t h e  

s h u t t l e  bay. These  c r a d l e s  m a y  b e  f i x e d  i n  p o s i t i o n  or may b e  

h i n g e d  at t h e i r  b a s e  t o  a l l o w  a r o l l - o n ,  r o l l - o f f  c a p a b i l i t y  

(Fig. 3-10). When l a d n i n g  a t  improved l a n d i n g  si tes t h e  
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p a y l o a d s  w i l l  b e  l i f t e d  o f f  t h e  l a n d e r  u s i n g  a c r a n e .  The 

p a y l o a d s  w i l l  b e  t r a n s f e r r e d  t o  and  f r o m  t h e  l a n d e r  i n  o r b i t  

by  t h e  r e m o t e  m a n i p u l a t o r  a r m  on t h e  s p a c e  t u g .  

A c a c k p i t  a t  t h e  bow of t h e  c r a f t  w i l l  b e  open t o  space .  

and t h e  p i l o t s  w i l l  merely s t r a p  i n t o  a seat f o r  t h e  f l i g h t s  

up and down. E x t r a  o x y g e n  w i l l  b e  p r o v i d e d  t h a t  t h e  p i l o t  may 

t a p  i n t o  50 a s  t o  n o t  d e p l e t e  h i s  own r e s e r v e s .  The r o l e  of 

t h e  p i l o t  i n  t h e  l a n d e r  w i l l  b e  t h e  s a m e  as i n  t h e  f i p o l l o  LM; 

t h e  s h i p  w i l l  b e  - f l o w n  down by  computer  and t h e  p i l o t  will 

take o v e r  or a i d  a5 needed. 

Landing g e a r  for  t h e  l a n d e r  w i l l  h a v e  k n e e s  t h a t  w i l l  

e n a b l e  it t o  f i rs t  a b s o r b  t h e  shock  of l a n d i n g  and t h e n  la ter  

a l l o w  t h e  v e h i c l e  t o  s q u a t  down. Four  s t r u t s  w i t h  t w o  a t  each 

end of t h e  l a n d e r  w i l l  s u f f i c e  (F ig .  3-10]. 

P l a n e  c h a n g e s  w i l l  b e  

t h a t  w i l l  o n l y  r e q u i r e  t h e  

I Power f o r  t h e  c o n t r o l  

p r o v i d e d  by  b a t t e r i e s  hung 

accompl i shed  by  s t r a p - o n  b o o s t e r s  

l a n d e r  t o  p r o v i d e  a t t i t u d e  c o n t r o l .  

s y s t e m s  of t h e  l a n d e r  w i l l  b e  

unde r  t h e  keel. They w i l l  be able 

t o  p r o v i d e  enough power for a round t r i p  of f i v e  h o u r s .  Once 

' t h e  l a n d e r  is s a f e l y  on t h e  s u r f a c e  or i n  a s t a b l e  o r b i t ,  t h e  

p i l o t  w i l l  manua l ly  e x t e n  a n o n - a r t i c u l a t e d  solar p a n e l  t o  re- 

c h a r g e  t h e  b a t t e r i e s .  CI power r e q u i r e m e n t  of n o t  m o r e  t h a n  1 

k W  w a s  e s t i m a t e d  by Dr. P i e p e r  of NASA Goddard. 

The e n g i n e e r i n g  development  of  t h e  l a n d e r  is t h e  e x t e n t  

t o  which i t  w i l l  b e  des igned .  F u r t h e r  d e s i g n  s t e p s  w i l l  n o t  

b e  t a k e n  d u e  t o  t i m e  r e s t r a i n t s  and  t h e  d i f f i c u l t i e s  
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The payload clearance envelope in the Orbiter 
cargo bay fneasures 15 by 60 feet (4572 by 
18 288 millimeters). This volume is the maximum vent Orbiter deflection interferenw betwen 
allowable payload dynamic envelope, including pay- Orbiter and the payloJd envetom. 
load deflections. In addition, a nominal 3-inch 

(76-millimeter) clearance between the payload et- 
lope and the Orbiter structure i s  provided to  L 

1i 

Y o - 0  -90 (-22861 
I 

Ye W 122861 

I I 
I 

I I 
I I 

I I MAXIMUM I 
I . PAYLOAD I 

I 1 I I 
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I (12 446) 

2.310 
ORBITER (78741 
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. .  vkw of payload envelope looking aft. 

. .  

PAY LOAD CLEAEIAI!CE ENVELOPE 

fig. 3.1.1 
( r e f  .12) 
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fig. 3.1.2 
( r e f .  12) 
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. fig.3.4(a) 
(ref. 12) 
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Orbital Maneuvering System 
I Two orbital maneuvering system (OMS) engines, 

mounted in external pods on each side of the aft fuselage, 
power'the Orbiter during orbital insertion and deorbit. 
Aditionally. the OMS provides thrust for large orbital 
changes. 

' Each engine has a thrust of 6,000 pounds 
(26.700 newtons). The propellants are monornethyl hy- 
drazine (the fuel) and nitrogen tetroxide (the oxidizer). 
Helium gas forces the propellants from their tanks and 
into the engines. Propellants for each engine are con-. 
tamed in  their respective pods. However, there is a 
cross-feed system to transfer propellants from one pod 
t o  the other 11 needed. 

FUEL I 

The OMS engine is designed to  fast a hundred 
missions. It is 77 inches (2 meters) long and weighs 
260 pounds (118 kilograms). The engine i s  girnbaled in 
pitch and yaw, 

f ig .  3.9 
(ref.3) 

-35- 



1 :  

i 

- .  

I 

I !  I 

I f  

1 :  
I 
I ?  

i i  
1 1  

f i g .  3.lO(a) 

\ '  I 

-36- 

\ 

i 

I 

I 

I 
! 
I 



I :  

I 

I 

I 

I 

I 
I 
i 

i 
I 
I 
I 
I 
I 

i 
I 

? 
0) 
H 
7 

UI 
0 
tr 
fl 

I 
C 
e 

fig. 3.10(b) 
-37- - _. - 

i 

, 



CHAPTER 4 - ORBITS 

4.1 The E a r t h  Moon S y s t e m  

I n  s o l v i n g  t h e  l u n a r  f l i g h t  mechan ics  problem t h e  
I 
I 

I 
v e h i c l e  w i l l  be c o n s i d e r e d  a s  a p o i n t  m a s s  i n  earth-moon 

s p a c e .  The f l i g h t  envi ronment  w i l l  b e  d e s c r i b e d  b y  a n  

j d e a l i z e d  model. The e a r t h  and moon w i l l  b e  t h o u g h t  of a5 

s p h e r i c a l  b o d i e s  w i t h  t h e  g r a v i t a t i o n a l  . F i e l d s  of  p o i n t  

masses. They w i l l  be c o n s i d e r e d  to b e  i s o l a t e d  i n  s p a c e  and 

- r e v o l v i n g  i n  c i rc les  a round  t h e i r  common c e n t e r  of: m a s s .  The 

I 
- .  

d 

e n t i r e  s y s t e m  c a n  b e  s p e c i f i e d  by  t h e  f o l l o w i n g  p a r a m e t e r s :  

I 

I 

I 

I 

I I 

! 

1 
I 

i 
i 

I 
I 
i 

i 
I 

The 

f O f  

r-@ = mean r a d i u s  of t h e  e a r t h  
= 6378 k m  

. % =  mean r a d i u s  of t h e  moon 
= 1738 k m  

LJm= a n g u l a r  v e l o c i t y  of the s y s t e m  
= 2.649 X 10 r a d / s e c  

! t+= g r a v i t a t i o n a l  c o n s t a n t  o f  t h e  e a r t h  
= 3.986 X 1 0  k m  /sec 

i un= g r a v i t a t i o n a l  c o n s t a n t  o f  the moon 
I = 4.887 X 10 k m  /5ec 
I 
;R.,= d i s t a n t  between t h e  c e n t e r s  of: t h e  e a r t h  a n d  moon 
i = 384,400 k m  

R5= d i s t a n c e  f rom t h e  c e n t e r  of t h e  e a r t h  t o  t h e  l u n a r  

: = 66,300 k m  
s p h e r e  of i n f  1 u e n c e  

V,.,= v e l o c i t y  of  t h e  moon r e l a t i v e  t o  t h e  e a r t h  
' = 1.018 k m / s e c  

modeled p a r a m e t e r s  c a n n o t  match o b s e r v e d  v a l u e s  e x a c t l y  

t h e  model d o e s  n o t  i n c l u d e  all f a c t o r s  t h a t  c o n t r i b u t e  to 



t h e  real s i t u a t i o n .  The q u a n t i t i e s  i n c l u d e d  are known t o  

d e g r e e s  of  p r e c i s i o n  t h a t  are a d e q u a t e  f o r  o u r  a p p l i c a t i o n .  

4.2 N e s l e c t e d  F a c t o r s  

The fac tors  t h a t  are n o t  c o n s i d e r e d  i n  t h e  e a r t h  moon 
I 

s y s t e m  i n c l u d e  t h e  g r a v i t a t i o n a l  f i e l d  o f  t h e  5un, t h e  

o b l a t e n e s s  of t h e  e a r t h ,  t h e  e c c e n t r i c i t y  of t h e  moon'5. o r b i t  

and t h e  i n c l i n a t i o n  of t h e  moon7s o r b i t  t o  t h e  e a r t h 7 s  
1 8  

I e q u a t o r i a l  p l a n e .  I n  a d d i t i o n  t o  these e x c l u s i o n s  f rom t h e  

I model i t s e l f ,  no  o t h e r  o u t s i d e  f o r c e s  s u c h  as solar p r e s s u r e  

or  m e t e o r o i d  d i s t u r b a n c e s  ot: t h e  v e h i c l e  w i l l  be  c o n s i d e r e d .  

4.3 The G e o c e n t r i c  D e p a r t u r e  O r b i t  

, F i g u r e  1 shows t h e  geometry 0-F t h e  d e p a r t u r e  o r b i t .  The 

I 
four q u a n t i t i e s  t h a t  s p e c i f y  t h e  o r b i t  -are 

I 

ro - t h e  o r b i t a l  r a d i u s  a t  p e r i g e e  
v, - t h e  o r b i t a l  v e l o c i t y  a t  p e r i g e e  
go - t h e  h e a d i n g  a n g l e  
.Tc - t h e  p h a s e  a n g l e  a t  d e p a r t u r e .  1 :  

i 

I n  order t o  a v o i d  d i f f i c u l t i e s  in d e t e r m i n i n g  t h e  correct 

p h a s e  a n g l e  a t  d e p a r t u r e  a m o r e  c o n v e n i e n t  set of  i n d e p e n d e n t  
1 1  

1 ' v a r i a b l e s  is 

ro 9 VO ' $JOG A, 
I 
I 
i : g e o c e n t r i c  o r b i t  i n t e r c e p t s  t h e  l u n a r  s p h e r e  o f  in - f luence .  

where  X I  is t h e  a n g l e  t h a t  s p e c i f i e s  t h e  p o i n t  a t  which t h e  
I 

I ' T h e  p e r i g e e  r a d i u s  is f i x e d  b y  t h e  a l t i t u d e  o f  t h e  p a r k i n g  

o r b i t  a round  t h e  e a r t h .  T h i s  a l t i t u d e  w a s  c h o s e n  t o  b e  500 

I I:m so t h a t  t h e  t u g  c o u l d  i n t e r f a c e  w i t h  proposed s p a c e  



s t a t i o n s .  S i n c e  the i n i t i a l  b u r n  needed  t o  a f f e c t  t h e  

t r a n s f e r  o r b i t  is t o  b e  done a t  p e r i g e e  t h e  h e a d i n g  a n g l e  

w i l l  be  z e r o .  D i f f e r e n t  v a l u e s  of t h e  r e m a i n i n g  t w o  

v a r i a b l e s , ,  v and w e r e  u sed  i n  a c o m p u t e r i z e d  i t e r a t i v e  

process whose o u t p u t  w a 5  v a l u e s  of v and I.\ , a l o n g  w i t h  t h e  

rest of thz p a r a m e t e r s  needed t o  s p e c i f y  an  o r b i t  t h a t  m e e t  a 

p r e d e t e r m i n e d  p e r i s e l e n i u m  a l t i t u d e  error t o l e r e n c e  of 2%. 

Given t h e  f o u r  independen t  v a r i a b l e s  r , v , $ and A , ,  

t h e  d e p a r t u r e  o r b i t  c a n  be d e t e r m i n e d  as follows. 

The e n e r g y  and a n g u l a r  momentum O-F the o r b i t  c a n  b e  
d e t e r m i n e d  f r o m  

F r o m  t h e  l a w  of c o s i n e s ,  t h e  r a d i u s  a t  t h e  a r r i v a l  a t  t h e  l u n a r  
s p h e r e  of i n f l u e n c e ,  r , is 

T h e  s p e e d  a n d  h e a d i n g  a n g l e  c a n  b e  -Found u s i n g  c o n s e r v a t i o n  
of  e n e r g y  and momentum: 

2 The h e a d i n g  a n g l e  w i l l  f a l l  between 0 and 90 d e g r e e s  s i n c e  i t  

w i l l  b e  assumed t h a t  t h e  a r r i v a l  a t  t h e  s p h e r e  of  i n f l u e n c e  

o c c u r s  p r i o r  t o  a p o g e e  o+ the g e o c e n t r i c  d e p a r t u r e  o r b i t .  

T h e  p h a s e  a n g l e  c a n  b e  de t e rmined  f r o m  geometry  where: 

s i n 5  = ( R s / r ,  ) s i n  h, 

I t  is now p o s s i b l e  t o  d e t e r m i n e  t h e  t i m e  o f  f l i g h t  

’ (T.O.F.) f rom i n j e c t i o n  t o  a r r i v a l  a t  t h e  l u n a r  s p h e r e  of 

i n f l u e n c e .  T h e  v a l u e s  fo r  t h e  p a r a m e t e r ,  e c c e n t r i c i t y  and 
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the s e m i - m a j o r  a x i s ,  must  be d e t e r m i n e d  f i r s t  f r o m  

p = h'/u& 

a = -&2E 
- 

e = I l - (p /d )  

Then t h e  e c c e n t r i c  anomaly c a n  b e  d e t e r m i n e d  f rom 
- 1  V = cos [(p-r, )/r, el 

F i n a l l y ,  s i n c e  t h e  i n j e c t i o n  o c c u r e d  a t  p e r i g e e  t h e  T.O.F. 
e q u a l s  t h e  t i m e  s i n c e  p e r i g e e  or 

1 

T.O.F. = t p  = Ja3/ud ~ Y - Y - e s i n y ~  
Dur ing  t h i s  t i m e  t h e  moon h a s  moved t h r o u g h  a n  a n g l e  

(T.O.F.), where  dfl  is t h e  a n g u l a r  v e l o c i t y  o f  t h e  moon i n  

its o r b i t .  The p h a s e  angle a t  d e p a r t u r e  c a n  t h e n  b e  found 

f rom 

va= ~.'-(-(J,IT.O.FJ 

4.4 C o n d i t i o n s  at t h e  Pa tch  P o i n t  

I t  is now p o s s i b l e  t o  d e t e r m i n e  t h e  t r a j e c t o r y  i n s i d e  

t h e  moon 's  s p h e r e  of  i n f l u e n c e  where  it w i l l  be assumed t h a t  

o n l y  t h e  moon's g r a v i t y  w i l l  be a c t i n g  on t h e  s p a c e c r a f t .  

The f i r s t  t h i n g  t h a t  m u s t  b e  done  is t o  d e t e r m i n e  t h e  

s p a c e c r a f t ' s  v e l o c i t y  w i t h  r e s p e c t  t o  t h e  moon. Figure 2 

shows t h e  geometry  of t h e  s i t u a t i o n  a t  a r r i v a l .  The 

s u b s c r i p t  2 i n d i c a t e s  t h e  i n i t i a l  c o n d i t i o n s  relative t o  t h e  

moon's c e n t e r .  T h e r e f o r e  t h e  s e l e n o c e n t r i c  r a d i u s ,  r , is 

rA = R s  

The v e l o c i t y  of t h e  s p a c e c r a f t  is d e t e r m i n e d  f rom t h e  l a w  o f  
c o s i n e s  as f o l l o w s  

* 



T h e  d i r e c t i o n  of t h e  i n i t i a l  s e l e n o c e n t r i c  v e l o c i t y  r e l a t i v e  
t o  t h e  moon‘s c e n t e r 9 & ,  is 

v = 5 = p / ( l + e )  

4.5 The S e l e n o c e n t r i c  firrival O r b i t  

2(E+um/r,,) 

The i n i t i a l  s e l e n o c e n t r i c  c o n d i t i o n s ,  r , v a n d 6  a r e  

I 
! 

minimum e n e r g y  and  p rov ided  a s e l e n o c e n t r i c  a l t i t u d e  error 

of less t h a n  2%. The p a r a m e t e r s  of t h e  + i n d l  o r b i t  are  

RELATIVE TO THE EARTH 
vo= 10.671 k m / s  
r,= 6878 k m  

<o= 109.44 d e g r e e s  
a i =  195820 km 
p , =  13514.4 km 
rl = 375933 I:m 
)L, = 77.73 d e g r e e s  
‘f, = .17 d e g r e e s  

$ c =  0 

4 - 6  The Lunar Descent  O r b i t  

RELATIVE TO THE MOON 
vp= 2.508 k m / s  
r,,= 1836.39 krn 
e = 1 . 3 A 2 7  
p = 4338.85 km 
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F i g u r e  3 d e p i c t s  t h e  geomet ry  of t h e  d e s c e n t  o r b i t .  The 

f i r s t  o r b i t a l  manuever used is known as a Hohmann t r a n s f e r  

and c o r r e s p o n d s  t o  a minimum e n e r g y  s o l u t i o n .  To c a l c u l a t e  

t h e  v e l o c i t y  c h a n g e  r e q u i r e m e n t  t h e  s e m i - m a j o r  a x i s  of t h e  

t r a n s f e r  o r b i t  must b e  e v a l u a t e d  a c c o r d i n g  t o  t h e  e q u a t i o n  

Once t h i s  is accompl ished  t h e  ve loc i t ies  a t  a p o a p s i s  and 
p e r i a p s i s  c a n  b e  de t e rmined  f rom 

~~~~ 

vci. = 4 2 u ~  ( l / r ,  i-(1/2a) 3 

2u[: (l/rq )-(1/2a) 7 
f i  

Knowing t h e  c i r c u l a r  p a r k i n g  o r b i t  v e l o c i t y ,  i t  is now 

p o s s i b l e  t o  calculate  t h e  v e l o c i t y  change  need  t o  p l a c e  t h e  
- 

v e h i c l e  i n t o  t h e  t r a n s f : e r  o r b i t  u s i n g  

The Hohmann t r a n s f e r  w i l l  o n l y  b r i n g  t h e  l a n d e r  to an 

a l t i t u d e  of 5 km above  t h e  sur+ace. A t  t h i 5  p o i n t  i t  becomes 

n e c e s s a r y  t o  e n t e r  a more h i g h l y  e l l i p t i c a l  o r b i t  t o  

f a c i l i t a t e  l a n d e r  t o u c h  down. The p o i n t  i n  t h e  o r b i t  where  

t h e  maneuver w i l l  t a k e  p l a c e  is a t  p e r i a p s e s  of: t h e  Hohmarrn 
i 
‘ t r a n s f e r  and  t h e  a p o a p s i s  of: t h e  f i n a l  d e s c e n t  o r b i t ,  With 

t h e  e c c e n t r i c i t y  of t h e  f i n a l  o r b i t  s e t i t h e  f o l l o w i n g  

p a r a m e t e r s  must be c a l c u l a t e d  i n  o r d e r  t o  d e t e r m i n e  t h e  

v e l o c i t y  needed  a t  the’maneuver p o i n t  t h a t  w i l l  allow t h e  

v e h i c l e  t o  e n t e r  t h e  n e w  o r b i t .  

p = r, (1-e) 

a = p / ( l - e )  

V 



S u b t r a c t i n g  t h e  Hohmann t r a n s + e r  p e r i a p s i s  v e l o c i t y  f rom 

t h e  f i n a l  d e s c e n t  o r b i t  a p o a p s i s  v e l o c i t y  y i e l d s  t h e  v e l o c i t y  

c h a n g e  r e q u i r e d  t o  comple t e  t h e  manuever. 

OVA =vp -v9 

The f i n a l  v e l o c i t y  c h a n g e  is s i m p l y  t h a t  needed  t o  s t o p  t h e  

l a n d e r  on t h e  l u n a r  s u r f a c e .  The  v e l o c i t y  a t  t h e  s u r f a c e  is 

Av3 = v5 -0 

The to ta l  v e l o c i t y  

- o r b i t  t o  t h e  l u n a r  

c h a n g e  needed  t o  descend  from t h e  p a r k i n g  

s u r f a c e  is t h e n  t h e  summation o f  t h e  

i n d i v i d u a l  changes .  

A vo&-xIT = nv, +4v, +Av3 . 

4.7 Abort  O r b i t s  

b e c a u s e  bo th  t h e  t u g  and  t h e  l a n d e r  are manned i t  is 

n e c e s s a r y  t o  p r o v i d e  an  a b o r t  c a p a b i l i t y .  The w o r s t  p o s s i b l e  

case, as c o n s i d e r e d  f r o m  an e n e r g y  s t a n d p o i n t ,  w a s  chosen  as 

t h e  d e s i g n  p o i n t .  For t h e  t u g  t h e  l o c a t i o n  i n  its o r b i t  t h a t  1 
, would r e q u i r e  t h e  m o s t  e n e r g y  t o  correct for  a n y  t ra jec tory  

error would b e  immedia te ly  a f t e r  t h e  f i r s t  b u r n  which p l a c e s  

t h e  t u g  i n t o  i ts  t r a n s f e r  o r b i t .  A t  t h i s  p o i n t ,  i f  it w a s  

d e c i d e d  t h a t  t h e  m i s s i o n  shou ld  b e  a b o r t e d ,  t h e  o n l y  e n e r g y  

t h e  t u g  has l e f t  t o  affect  t h e  t r a n s i t i o n  t o  t h e  a b o r t  o r h i t  

is t h a t  e n e r g y  o r i g i n a l l y  i n t e n d e d  f o r  t h e  c i r c u l a r i z a t i o n  of  

i ts o r b i t  a t  t h e  moon. I f  t h i s  e n e r g y  is s p e n t  t o  a b o r t  t h e  

m i s s i o n  i t  must b e  de t e rmined  i f  a n  a c c e p t a b l e  o r b i t  c a n  b e  

4- 



o b t a i n e d .  F i r s t  t h e  n e w  v e l o c i t y  a f t e r  t h e  a b o r t  b u r n  h a 5  

been  made must b e  de t e rmined  by 

F r o m  t h i s  t h e  s e m i - m a j o r  a x i s  of t h e  new o r b i t  and t h e  
o r b i t a l  p e r i o d  c a n  b e  c a l c u l a t e d  a c c o r d i n g  t o  

m -1 
a = l / X ( l / %  )-b'q/ql&)l 

"I"= (2;r2'3 / p p  
I n  t h i s  case t h e  p e r i o d  of t h e  a b o r t  o r b i t  is 7.789 h o u r s  
which is a c c e p t a b l e .  

Fo r  t h e  l a n d e r  t h e  a b o r t  c a p a b i l i t y  must  a l l o w  f o r  a 

r e t u r n  t o  t h e  100 k m  p a r k i n g  o r b i t  i f  f o r  s o m e  r e a s o n  t h e  

d e c i s i o n  t o  l a n d  h a s  been changed  a f t e r  t h e  l a n d e r ' s  t r a n s f e r  

i n t o  t h e  f i n a l  e l l i p t i c a l  d e s c e n t  a t  a n  a l t i t u d e  of  5 km.  

The e n e r g y  r e q u i r e d  t o  r e t u r n  t h e  l a n d e r  t o  i t5  p a r k i n g  o r b i t  

is t h e  sum of t h e  b u r n s  used t o  p l a c e  t h e  s p a c e c r a f t  i n t o  t h e  

f i n a l  d e s c e n t  p h a s e  or 

W i t h  t h e  o r b i t  c a p a b i l i t y  t h e  t o t a l  e n e r g y  r e q u i r e d  t o  b e  

c a r r i e d  by t h e  l a n d e r  is 
I I 

v ~ T  = A v J ~ w + A v , ~ ~ , I : ~  
= 3.124 k m / s  

4.8 The Retu rn  O r b i t  

For  t h e  t u g s  r e t u r n  o r b i t  an  e n e r g y  s a v i n g  p a s 5  t h r o u g h  

t h e  e a r t h ' s  a tmosphe re  w i l l  be used. Because  o f  t h e  

c o m p l i c a t e d  c a l c u l a t i o n s  of b o t h  a s p e c t s  o f  t h i s  o r b i t  o n l y  a 

v e r y  s u p e r f i c i a l  look i n t o  t h e  e n e r g y  s a v e d  b y  t h e  

a e r o b r a k i n g  maneuver w i l l  b e  made. A one p a s s  o r b i t  w i l l  be 
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used  w i t h  a p e r i g e e  a l t i t u d e  o f  ZOO km. The a v e r a g e  v a l u e  

for t h e  d e n s i t y  of t h e  s e n s i b l e  a t m o s p h e r e  a l o n g  t h e  t u g s  

f l i g h t  p a t h  a5 w e l l  as an a v e r a g e  v e l o c i t y  p e r  u n i t  m a s s  c a n  

b e  used  t o  c a l c u l a t e  t h e  d r a g  f o r c e  per u n i t  m a s 5  f rom 

Fa = KXv"2 

w h e r e  K is 1/2 X t h e  c o e f f e c i e n t  o f  d r a g  X t h e  r e f e r e n c e  

area. For  a p r e l i m i n a r y  i n q u i r y  i n t o  t h e  d r a g  e f f e c t  K is 

' ' t a k e n  t o  be 500 m A 2 .  From t h e  e q u a t i o n  
i 

I 
I F/M = d v / d t  

F = M a  

dv  = (F/M)dt 
dv  = F > d t  

- .  

and t h e  +act t h a t  t h e  d r a g  f o r c e  w i l l  b e  c o n s i d e r e d  t o  b e  

I c o n s t a n t  t h e  d e l t a  V a p p l i e d  t o  t h e  v e h i c l e  d u r i n g  t h e  p a s s  

is 

I 

The d e l t a  V w a s  assumed t o  b e  a p p l i e d  a t  t h e  p e r i g e e  p o i n t .  
T h e r e f o r e  t h e  new p e r i g e e  v e l o c i t y  is 

I a n d  the s e m i - m a j o r  axis  is  now 

1 .  

! '  

1 
I is 

From t h i s , t h e  v e l o c i t y  a t  t h e  a l t i t u d e  of t h e  p a r k i n g  o r b i t  

v = J zpg[(1/r)-(1/za)l 
I N  

I 
' The d e l t a  V needed t o  e n t e r  t h e  p a r k i n g  o r b i t  is 
i a  

a v  = v - - ~ , + ~ ~  
I 

T h i s  r o u g h  e s t i m a t e  of t h e  e n e r g y  t h a t  c a n  be s a v e d  over t h e  

outbound e n e r g y  r e q u i r e m e n t s  is a p p r o x i m a t e l y  5%. 
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C h a p t e r  5 - SPACE TUG PRCPULSION 

5.1 OVERVIES 

For t h e  s p a c e  t u g  p r o p u l s i o n ,  t h e  S p a c e  S h u t t l e  main 

e n g i n e  w a s  chosen  b e c a u s e  i t  is t h e  m o s t  e f f i c i e n t  h i g h  t h r u s t  

e n g i n e  c u r r e n t l y  a v a i l a b l e .  S p e c i f i c  pe r fo rmance  i n f o r m a t i o n  

w a s  a c q u i r e d  v i a  a phone  c o n v e r s a t i o n  w i t h  J i m  S a n d e r  of t h e  

Marshal  S p a c e  C e n t e r ,  T h i s  i n f o r m a t i o n  w a s  t h e n  used  as a 
, I  

c o n s t r a i n t  on the d e s i g n  characterist ics.  
_ .  

T h e  other m i s s i o n  and  d e s i g n  c o n s t r a i n t s  i n c l u d e d  orbital 
- 

r e q u i r e m e n t s ,  t i n e  of f l i g h t  d e s i r e d ,  b u r n  t i m e  l i m i t a t i o n s  and 

s t r u c t u r a l  l i m i t s .  The o r b i t a l  r e q u i r e m e n t s  and  t i m e  of f l i g h t  

I w e r e  c o v e r e d  i n  c h a p t e r  4, so t h e y  w i l l  n o t  be c o v e r e d  h e r e  

e x c e p t  i n  men t ion ing  how t h e y  a f f e c t  t h e  d e s i g n .  

5-2 PROPULSION ASSUMPTIONS 

The volume of d u e l  r e q u i r e d  w a s  c a l c u l a t e d  u s i n g  a 

computer  program which n u m e r i c a l l y  s o l v e d  a r e c u r s i v e  f o r m u l a  
1 

' (Appendix C - 2 ) .  T h i s  program w a s  b a s e d  upon several a s s u m p t i o n s  

which are good e s t i m a t i o n s  o f  t h e  a c t u a l  r e s p o n s e  

c h a r a c t e r i s t i c s ,  T h e  f i r s t  of t h e s e  w a s  t h e  a s s u m p t i o n  t h a t  

t h e  e n g i n e s  used  r e sponded  i n s t a n t a n e o u s l y  t o  t h r o t t l e ,  

i g n i t i o n ,  and c u t o f f  commands. N o  lag t i m e  w a s  c o n s i d e r e d  for 

s i m p l i c i t y ' s  sage and because  s p e c i f i c  data a b o u t  t h i s  w a s  n o t  

' available. On t h e  a c t u a l  s p a c e c r a f t ,  c h a n g e  i n  v e l o c i t y  c o u l d  

be d e t e r m i n e d  by i n t e g r a t i n g  t h e  o u t p u t  of  accelerometers, so 

t h i s  does n o t  c a u s e  a problem, b u t  it d o e s  a f f e c t  t h e  a c t u a l  



b u r n  t i n e s  s l i g h t l y .  CIlong t h e  s a m e  l i n e s ,  t h e  e n g i n e  t h r u s t  

w a s  assumed t o  be c o n s t a n t l y  u p d a t e d  by t h e  c o m p u t e r s  t o  

n a i  n t a i  n a c o n s t a n t - a ~ c e l e r a t i c n  bu rn .  

The m o s t  i m p o r t a n t  a s s u m p t i o n s  are a lso t h e  o n e s  w i t h  t h e  

l a r g e s t  c h a n c e  fo r  error. Both o f  t h e s e  h a v e  t o  d o  w i t h  t h e  

e n g i n e 2 s  m a s s  f l o w  to t h r u s t  p roduced  c h a r a c t e r i s t i c s .  T h e  

f i r s t  a s sumpt ion  of t h i s  t y p e  w a s  t h a t  t h e  response is l i n e a r  

t h r o u g h o u t  t h e  t h r - a t t l i n g  r a n g e  o+ s e v e n t y  t o  one hundred  n i n e  

p e r c e n t  of t h e  d e s i g n  t h r u s t .  Accord ing  t o  p r o f e s s o r  Saar las  

o+ t h e  Uni ted  States  N a v a l  Academy Aerospace  D i v i s i o n ,  t h i s  is 

a f a i r l y  good es t imat ion  i f  t w o  p a i n t s  on t h e  r e s p o n s e  curve 

are known. The o n l y  p o i n t  a v a i l a b l e ,  however,  w a s  t h e  m a s s  

~ f l o w  rate a t  one hundred  p e r c e n t  t h r u s t .  The real m a s s  f l o w  

r e s p o n s e  would b e  n e a r l y  p r o p o r t i o n a l  t o  t h e  t h r u s t  p e r c e n t ,  

b u t  n o t  n e c e s s a r i l y  e x a c t l y  p r o p c r t i o n a l .  The m o s t  f a l l i b l e  

a s sumpt ion  m a d e ,  t h s n ,  w a s  t h a t  t h e  m a s s  + l a w  rate rema ined  

p r o p o r t i o n a l  t o  t h e  t h r u s t  (i.e. a t  s e v e n t y  p e r c e n t  t h r u s t ,  

s e v e n t y  p e r c e n t  of t h e  m a s s  f l o w  a t  o n e  hundred  p e r c e n t  t h r u s t  
I ' would b e  observad).  

e -  J. s CALCULATICFJ AND ITERATION 

T h e  o r b i t a l  c o n s i d e r a t i o n s  g a v e  t h e  r e q u i r e d  v e l o c i t y  

c h a n g e s  used  a5 i n p u t s  t o  t h e  program, which a l o n g  w i t h  

i n i t i a l  mass estimates w e r e  u sed  t o  d e t e r m i n e  t h e  i n i t i a l  t a n k  

' volumes. These  were t h e n  used t o  re-estimate t h e  s t r u c t u r a l  

m a 5 5  and i terate aga in .  The i n i t i a l  c o n c e p t  o f  a s i n g l e  s t a g e  

s y s t e m  r e q u i r e d  e x t r e m e l y  l a r g e  t a n k  v o l u m e s ,  and  l a r g e  



s t r u c t u r a l  aa55e5. 

s t a g e s  c a p a b l e  of a e r o h r a k i n g  for  r e c a p t u r e  i n t o  a s p a c e  

s t a t i o n  o r b i t ,  o v e r  t e n  thousand pounds  cf f u e l  w e r e  s aved .  

and  t h e  t a n k  s i z e s  becams more manageable.  

By chang ing  t o  a s t a g e d  v e h i c l e ,  w i t h  b o t h  

The t h r u s t s  r e q u i r e d  i n  s o m e  p a r t s  o f  t h e  m i s s i o n  made i t  

a l so  n e c e s s a r y  t o  h a v e  s m a l l e r  e n g i n e s  a b o a r d  b o t h  t h e  t u g  and 

t h e  b o o s t e r  s tages ,  

s a m e  m a s s  f l o w  to t h r u s t  ratio as t h e  main e n g i n e s  and need  to 

o p e r a t e  a t  f o u r t e e n  t o  twen ty  six p e r c e n t  o f  t h e  main engxne  

t h r u s t .  

; 

I 

I 

I 
1 

T h e s e  e n g i n e s  w e r e  assumed t o  h a v e  t h e  

- *  

T h e i r  d e s i g n  w i l l  b e  l e f t  t o  f u t u r e  deve lopment .  

I .  
I ,  

! '  

* 



CHAPTER 6 - SPACE TU5 STRUCTURE AND SYSTEMS REtWIREMENTS 

6.1 TRUSS FRAMEWORK DESIGN 

While  t h e  f i n a l  d e s i g n  o f  t h e  p r o p u l s i o n  s y s t e m  t o o k  p l a c e .  

d e t a i l e d  a n a l y s i s  of t h e  s t r u c t u r a l  r e q u i r e m e n t s  w a s  a lso 

b e i n g  per formed.  A s  t h e  c e n t r a l  component of t h e  s p a c e  t u g  

s t r u c t u r e ,  t h e  t r u s s  f r a m e w o r k  w a s  a n a l y z e d  for maximum forces 

in its members (Appendix 2). The maximum forces w e r e  o b s e r v e d  

to take p l a c e  i n  t h e  aft l o n g i t u d i n a l  members of t h e  t r u s s .  

Havizg nade an o r i g i n a l  estimate of t h e  t u g ’ s  t o t a l  w e i g h t  as 

420,900 pounds,  an extra 20,@@@ pounds  w a s  added t o  m a k e  a 

t o t a l  we igh t  of 440,000 pounds. Having o r i g i n a l l y  e s t i m a t e d  

t h e  t r u s s  s t r u c t u r e  a t  10,00@ p o u n d s , t h e  added  20,000 pounds  

would compensa te  for a p o s s i b l e  u n d e r e s t i m a t e  so t h a t  t h e  

t r u s s  members w e r e  c e r t a i n  to be  d e s i g n e d  for maximum -forces. 

Having d e t e r m i n e d  t h e  forces i n  t h e  l o n g i t u d i n a l  m e m b e r s )  a 

minimum cross s e c t i o n  w a s  c a l c u l a t e d  b a s e d  on the c o m p r e s s i v e  

y i e l d  stress of aluminum a n d  p r o v i d i n g  a f a c t o r  of s a f e t y  of 

With a d e s i g n  cross-sectional area of 7.1 ’ 1.5 (Appendix 3 ) .  

in*2, a l l  members s u b j e c t  t o  a force e q u a l  tu or less t h a n  t h e  

l o n g i t u d i n a l  mefibers would have t h e  s a m e  cross-sectional area. 

T h i s  would s i m p l i f y  c o n s t r u c t i o n  of t h e  t r u s s  framework i n  

s p a c e ,  and  a l so  a l l o w  for  t h a t  much m o r e  f a c t o r  of safety i n  

the members s u b j e c t e d  to le55 f o r c e .  F u r t h e r m o r e ,  t h i s  d e s i g n  

is r e a s o n a b l e  s i n c e  t h e  c r o s s - s e c t i o n a l  area is n o t  l a r g e  t o  

b e g i n  wi th .  

a * 



6.2 FUEL TGNK DESIGN 

The f i n a l  d e s i g n  of  t h e  hydrogen and  oxygen t a n k s  w a s  

r e s t r i c t e d  t o  t a n k  d i a m e t e r s  of  n o  g r e a t e r  t h a n  13 f e e t  and  a 

combined o v e r a l l  l e n g t h  of  60 f e e t .  Having e s t a b l i s h e d  t h e  

f u e l  r e q u i r e m e n t s  f o r  t h e  t w o  SSME’s and t h e  t w o  s h u t t l e  

, d e r i v a t i v e s ,  both t a n k s  were d e s i g n e d  t o  h a v e  a d i a m e t e r  of  

I 12.5 f e e t  and  a combined l e n g t h  o f  47.3 f e e t .  These  

dimenSiGnS f i t  well w i t h i n  t h e  t r u s s  framework p r o v i d i n g  room 

f o r  a d e q u a t e  s p a c i n g  between t h e  t w o  t a n k s  a5 w e l l  a s  a l l o w i n g  

room f o r  f u e l  t a n k a g e  f o r  the a t t i t u d e  c o n t r o l  s y s t e m  and main 

e n g i n e  p ip i f ig  (F ig .  6-1). With t h e  t r u s s  h a v i n g  a d i a m e t e r  of 

~ 14 f g e t  and t h e  t a n k s  having  a d i a m e t e r  of 12.5 f e e t ,  t h e  

s p a c i n g  between t h e  t r u s s  and t h e  t a n k s  is o n l y  9 i n c h e s  on 

each s i d e .  The s m a l l  amount o f  s p a c i n g  a l l o w 5  f o r  a m o r e  

s t u r d y  a t t a c h m e n t  of  t h e  f u e l  t a n k  s t r u t s  t o  t h e  t r u s s  m e m b e r s  

A s  c a l c u l a t e d  i n  appendix  4, t h e  f o r c e s  a t  t h e  t a n k  a t t a c h m e n t  

p o i n t s  and  i n  t h e  s t r u t  m e m b e r s  p e r m i t s  t h e  d e s i g n  of a 

r e a s o n a b l e  c r o s s - s e c t i o n a l  a r e a  (1.6 in*2 or g r e a t e r )  for t h e  

m e m b e r s ,  T h e  t a n k  s t r u c t u r e  is assumed t o  b e  s i m i l a r  i n  
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d e s i g n  as  t h e  s p a c e  s h u t t l e  e x t e r n a l  t a n k  (ET),  a t a n k  made 

p r i m a r i l y  o u t  of aluminum. The stress l i m i t a t i o n s  f o r  t h e  

a t t a c h m e n t  poin ts ;  on t h e  t a n k s  are ,  t h z r e f o r e ,  t h e  s a m e  as  t h e  

stress l i m i t a t i o n s  for t h e  stnit members. The stress 

e x p e r i e n c e d  a t  t h e  a t t a c h m e n t  p o i n t s  on t h e  s p a c e  t u g ' s  t russ 

framework is n o t  a n a l y z e d  s i n c e  t h e  t a n k  s t r u t s  a t t a c h  at t h e  

j o i n t  c o n n e c t i o n  p l a t e s .  The f o r c e  a p p l i e d ,  t h e r e f o r e ,  is i n  

t h e  l o n g i t u d i n a l  d i r e c t i o n  of t h e  t u g ' s  t r u s s  members, 

p r o d u c i n g  a force on t h e  m e m b e r s  w e l l  w i t h i n  t h e  l i m i t s  of t h e  

f o r c e  t h e  t r u s s  framework w a s  d e s i g n e d  t o  w i t h s t a n d .  

1 

- I  

- 

6.3 PAYLCAD CONTAINER SUPPORT D E S I G N  

A l l  of t h e  l o a d s  on  t h e  p a y l o a d  s u p p o r t s  w e r e  r e s t r i c t e d  

t o  t h e  l o n g i t u d i n a l  f o r c e s  i n  t h e  a f t  d i r e c t i o n .  The 

s t r u c t u r e  itself w a 5  a n a l y z e d  as a t w o - . f o r c e  member t r u s s .  

T h i s  d o e s  n o t  hold p r e c i s e l y  t r u e ,  b u t  t h i s  is a c o n s e r v a t i v e  

a p p r o x i m a t i o n  i n  t h a t  i t  y i e l d s  s l i g h t l y  h i g h e r  stresses on  

t h e  m e m b e r s  t h a n  w i l l  be a c t u a l l y  e x p e r i e n c e d .  T h i s  produced  

1 
' a s m a l l  s a f e t y  f a c t o r  which w a s  m u l t i p l i e d  by  a f a c t o r  of 1.5 

f o r  d e t e r m i n a t i o n  o+ t h e  c r o s s - s e c t i o n a l  area. 

Each s u p p o r t  w a s  assumed t o  be s u p p o r t e d  e q u a l l y  a t  s i x  

p o i n t s .  The l o c a t i o n  of t h e  t w o  c o n t a i n e r  k e e l  p i n s  p l a c e d  

o n e  t h i r d  of t h e  f o r c e  d i r e c t l y  on t h e  s p a c e  + r a m e  of t h e  t u g  

i t s e l f .  The o t h e r  t w o - t h i r d s  o f  t h e  f o r c e  w a s  s h a r e d  b y  t h e  

' o t h e r  f o u r  t r u n n i o n  p i n s  (See append ix  5). Each s u p p o r t  f r a m e  

supported f o u r  p i n s ,  o n e  a t  e a c h  c o r n e r .  The r e s u l t i n g  f o r c e  
(5- -6.3) 

w a s  used  t o  c a l c u l a t e  t h e  c r o s s - s e c t i o n a l  area o f  t h e  ' s u p p o r t  
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t r u s s  and to check  t h e  stress on t h e  s p a c e  f r a m e  a t  t h e  p o i n t s  

w h e r e  t h e  s u p p o r t  t r u s s  connec ted  t o  it. A cross-sect ional  

area of 1.54 in-2,  which i n c l u d e d  t h e  s a f e t y  f a c t o r .  w a s  

r e q u i r e d .  T h i s  y i e l d e d  a n  i n d i v i d u a l  t r u s s  m a 5 5  o-f 277 pounds  

and a t o t a l  m a s s  of  a l l  f o u r  t r u s s e s  of  1108 pounds.  

6.4 BOOSTER SWPORT DESIGN 

The b o o s t e r  s u p p o r t  was chosen  t o  c o n s i s t  o f  f o u r  f r a m e s  

mounted on t h e  boczi ter  w i t h  d e t a c h a b l e  p i n  c o n n e c t i o n s  

a t t a c h i n g  t h e n  t o  t h e  s p a c e  f r a m e  of  t h e  t u g .  The f o u r  f r a m e s  

w e r e  p l a c e d a s s y m m e t r i c a l l y  on t h e  s t r u c t u r e  so t h a t  t h e y  c o u l d  

cross w i t h o u t  t o u c h i n g  and  a l l o w  movement when a t t a c h i n g  and  

d e t a c h i n g  f r a m  t h e  tug (F ig .  6-21. The f o u r  f r a m e s  had t o  b e  

c a p a b l e  of s u p p o r t i n g  b o t h  l a n g i t u d i n a l  forces and  moments 

c a u s e d  by  t h e  t h r u s t  of t h e  b o a s t e r  and t u g  e n g i n e s  n o t  b e i n g  

t h r o u g h  t h e  c e n t e r  of g r a v i t y -  The f a r c e  i n  t h e  l o n g i t u d i n a l  

d i r e c t i o n  is t h e  t o t a l  m a s s  ( t h e  m a s s  o f  t h e  s t r u c t u r e  and  t h e  

t o t a l  f u e l  m a s s )  m u l t i p l i e d  by  t h e  acceleration (2 g's). The 

f o r c e s  c a u s e d  by t h e  o f f s e t  t h r u s t  are s o l v e d  f o r  u s i n g  f o u r  

s i m u l t a n e o u s  e q u a t i o n s  (Appendix 6 )  and t h e n  t r a n s f e r r e d  i n t o  

t h e  p l a n e  of each t r u s s  by s o l v i n g  f o r  t h e  a n g l e  be tween 

v e r t i c a l  and t h e  t r u s s  p lane .  Each i n d i v i d u a l  t r u s s  had . 

d i f f e r e n t  f o r c e s ,  50 t h e  f i n a l  r e q u i r e d  cross s e c t i o n s  w e r e  

d i f f e r e n t  f o r  e a c h  member. These  c a n  b e  f o u n d  i n  t ab l e  1 of 

append ix  6. T h e  t o t a l  m a s s  o f  t h e  f o u r  f r a m e s  is 2,666 pounds  

m a s s .  T h e  l a te ra l  s t r i n g e r s  a t  t h e  p o i n t s  o f  a t t a c h m e n t  f o r  

t h e  m i d d l e  t w o  f r a m e s  r e q u i r e  d i f f e r e n t  cross s e c t i o n s  t h a n  
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t h e  rest of t h e  s p a c e  +rams. Thzse  are l i s t e d  i n  T a b l e  2 of  

append ix  6. 

5.5  NEIGHT ESTIMATE REFINEMENT 

A r e f i n e m e n t  of t h e  weight  e s t i m a t i o n  o f  t h e  s p a c e  t u g  t o  a 

m o r e  a c c u r a t e  S i g u r e  w a s  a ccompl i shed  by f i r s t  summing a l l  of  

t h e  t r u s s  f r a m e w o r k  component w e i g h t s  (Appendix 7). Css shown 

i n  f i g u r e  3-2 t h e  t r u s s  members and  t h e  j o i n t  c o n n e c t i o n  

e l e m e n t s  were t h e  o n l y  components t o  b e  c o n s i d e r e d  f o r  a 

I 

weigh t  e s t i m a t i o n  of t h e  f r a m e w o r k .  With a c r o s s - s e c t i o n a l  

area of: t h e  t r u s s  members of 7.1 in-”Z, t h e  j o i n t  c o n n e c t i o n  

p l a t e  w a s  d e s i g n e d  w i t h  a s q u a r e  s i d e  l e n g t h  of 9 i n c h e s  and a 

t h i c k n e s s  of 4 i n c h e s .  Only o n e  t y p e  of p l a t e  e l e m e n t  would 

b e  used  t h r o u g h o u t  t h e  s t r u c t u r e ,  f u r t h e r i n g  d e s i g n  

s i m p l i c i t y .  With t h e  d imens ions  of  t h e  p l a t e  e l e m e n t  g i v e n ,  

the t r u s s  members would be i n s e r t e d  i n t o  t h e  p l a t e  t o  t h e  

p o i n t  where  t h e i r  e n d s  would be as close t o  t h e  c e n t e r  p a r t  o-f 

t h e  p l a t e  as p o z s i b l e .  
! 

I n  d e t e r m i n i n g  a weight  f o r  t h e  s p a c e  t u g ’ s  hydrogen  and  

oxygen t a n k  s t r u c t u r e s ,  e x i s t i n g  d a t a  on t h e  s p a c e  s h u t t l e ’ s  

ET w a s  used .  With t h e  w e i g h t s  e s t i m a t e d  b e i n g  s m a l l  r e la t ive  

t o  o t h e r  components  of t h e  s p a c e  t u g ,  t h e  method of compar ing  

t h e  s i z e  of t h e  t u g ’ s  p r o p e l l e n t  t a n k s  w i t h  t h e  s h u t t l e  ET is 

accurate  f o r  d e s i g n  p u r p o s e s  (appendix  8). 

Opproximat ing  t h e  w e i g h t  of t h e  c r e w  module w a s  b a s e d  on 

t h e  we igh t  e s t i m a t i o n  f o r  a m a r s  m i s s i o n  s p a c e  v e h i c l e  h a v i n g  

a c r e w  of  f o u r  on b o a r d  (Ref.  2) ( T a b l e  i n  append ix  9 ) .  By 



a c c o u n t i f i g  f o r  t h a  d i f f e r e n c e  i n  c r e w  s i z e ,  d u r a t i o n  of t h e  

m i s s i o n ,  and m i s s i o n  r e q u i r e m e n t s  a w e i g h t  e s t i m a t i o n  o f  7,CCH 

pounds  w a s  made f o r  t h e  c r s w  module a l o n e .  

By comparing,  a s  b e f o r e ,  t h e  d i f f e r e n c e s  i n  m i s s i o n  
I 

r e q u i r e m e n t s  and m i s s i o n  d u r a t i o n  of  the m a r s  m i5s ion  s p a c e  

: v e h i c l e  w i t h  t h a t  of t h s  s p a c e  t u g ,  e s t i m a t e s  f o r  t h e  we igh t  of  

' t h e  a t t i t u d e  c o n t r o l  sys tem,  b a t t e r i e s ,  n u c l e a r  power module. 
I ,  
j communicatons equipment ,  a i r lock,  and  t h e r m a l  p r o t e c t i o n  w e r e  

i , made. 
- .  

5. b CREW PlOCULE 

I T h e  d e s i g n  of t h e  c r e w  n o d u l e  e n t a i l e d  o n l y  g i v i n g  t h e  

1 exterior d i m e n s i o n s  t o  p r o v i d e  r o o m  i n s i d e  f o r  a c r e w  of 3, 

! t h e i r  p e r s o n a l  g e a r ,  consumnables  r e q u i r e d ,  s p a c e c r a f t  
, 

i n s t r u m e n t a t i o n ,  and communicat ions.  T h e  s i r e  of  t h e  c r e w  

module w a s  based  on assuming t h a t  e a c h  c r e w  member r e q u i r e s  

650 c u b i c  f e e t  of l i v i n g  s p a c e  and  t h e n  a d d i n g  extra volume 

i f o r  t h e  o t h e r  i t e m s  ment ioned above  (Ref.  1 Q ) -  A l s o ,  t h e  
! 
! 

i 
d i a m e t e r  of  t h e  c r e w  module w a s  r e t r i c t e d  f rom t h e  s t a r t  t o  15 

f e e t  so t h a t  t h e  t r u s s  framework of  t h e  t u g  c o u l d  b e  a t t a c h e d  
i 

: t o  i t  a s  close t o  it5 s t r o n g e s t  s e c t i o n  as p o s s i b l e  ( F i g  3-3)- 
1 '  
I 
i 

6.7 ATTITUDE CONTROL SYSTEM 
I t  

With t h e  i m p o r t a n c e  of e f f e c t i v e  a t t i t u d e  c o n t r o l  f o r  t h e  

s p a c e  t u g ,  a h i g h  we igh t  estimate w a s  made f o r  t h e  a t t i t u d e  

c o n t r o l  s y s t e m  s i n c e  m a n y  l a r g e  t h r u s t e r s  would be r e q u i r e d  on 

t h e  t u g  t o  e n s u r e  p r o p e r  maneuvering d u r i n g  d o c k i n g  and  o t h e r  



I 

h i g h  maneuvering p o i n t s  i n  t h e  o r b i t s .  Ths  s y s t e m  h a s  a 

f o r w a r d  and a f t  set of  t h r u s t e r s ,  b o t h  modu la r i zed  f o r  ease i n  

s e r v i c i n g  and  s i m p l i f y i n g  l o g i s t i c a l  p roblsms.  E a c h  module 

c o n t a i n s  i d e n t i c a l  components  which w i l l  i n c l u d e  n o t  o n l y  t h e  

t h r u s t e r s  b u t  also t h e  b i p r o p e l l e n t  t a n k s .  These  modules  are 

based  upon t h e  s p a c e  s h u t t l e ’ s  a t t i t u d e  c o n t r o l  t h r u s t e r s  

(Ref .  12). 

6.3 THEREAL PROTECTION 

T h e  c r e w  madule’s  e x t e r n a l  s t r u c t u r e  and t h e  t r u s s  

framework are made o f  T-6061 aluminum. I n  o r d e r  t o  pe r fo rm 

: a e r o S r a k i n g  of  t h e  s p a c e  tug  and  p e r m i t  t h e  t u g ’ s  s t r u c t u r e  t o  

w i t h s t a n d  h i g h  h e a t  t o l e r a n c e s ,  t h e r m a l  p r o t e c t i o n  is r e q u i r e d  

for t h e  t u g ’ s  e n t i r e  e x t e r n a l  s t r u c t u r e .  The t h e r m a l  

p r o t e c t o n  w i l l  b e  accompl ished  i n  tiF;o p h a s e s  - o n e  a c t i v e  and 

one p a s s i v e .  The p a s s i v e  p h a s e  w i l l  i n c l u d e  d i f f e r e n t  h e a t  

, s h i e l d s ,  depend ing  on t h e  h e a t i n g  t a k i n g  p l a c e .  A r e a s  

s u b j e c t e d  t o  i n t e n s i v e  h e a t i n g  w i l l  have  a c o a t i n g  of  a 

r e i n f o r c e d  c a r b o n  carbon m a t e r i a l ,  s i m i l i a r  t o  t h e  t i les  on 

t h e  S p a c e  S h u t t l e .  T h i s  w i l l  b e  p a r t i c u l a r l y  i m p o r t a n t  d u r i n g  

t h e  a e r o b r a k i n g  p a s s  th rough  t h e  e a r t h ‘ s  a tmosphe re .  For 

areas s u b j e c t  t o  less s e v e r e  h e a t ,  h i g h  t e m p e r a t u r e  r e u s a b l e  

‘ i n s u l a t i o n  w i l l  b e  used.  The ac t ive  s y s t e m s  w i l l  i n c l u d e  

v a r i o u s  h e a t e r s ,  r a d i a t o r s ,  b o i l e r  coolers, and  o t h e r  h e a t  

e x c h a n g e r s  t h a t  w i l l  b e  i n t e g r a t e d  w i t h  t h e  e n v i r o n m e n t a l  

c o n t r o l  and 1 i f e  s u p p o r t  s y s t e m s  (Ref .  12) . 
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The e lectr ical  power sys t em c o n s i s t s  of t h e  equipment  and 

r e s c t a n t s  r e q u i r e d  t o  g e n e r a t e  and  store ene rgy .  T h e  s t o r a g e  

r e q u i r e m e n t s  w i l l  b e  m e t  by nickel-cadmium b a t t e r i e s  w h o s e  

p u r p o s e  w i l l  b e  t o  p r o v i d e  t h e  c a p a b i l i t y  for power subsys t em 

reset and restart. To c tmpl in ien t  t h i s ,  t h r e e  s i l v e r - z i n c  

b a t t e r i e s  w i l l  b e  used  t o  m e e t  f l i g h t  i n s t r u m e n t a t i o n  

, c o n t i n g e n c y  r e q u i r e m e n t s  (Ref. 12). 

6.10 POWER GEPJERATICPJ 

Power g e n e r a t i o n  w i l l  b e  p r o v i d e d  by  a n u c l e a r  r e a c t o r .  

T h i s  reactor w i l l  s u p p l y  the e n e r g y  r e q u i r e d  t o  d r i v e  t h r e e  

s e p a r a t e  DC: g e n e r a t o r s .  Each generztar w i l l  b e  t i e d  t o  the 

l o a d  t h r o u g h  a n  independen t  DC bus (Ref-.- 12). For d e s i g n  

purposes, t h e  power gene ra t i c ;n  module w a s  assumed t o  b e  p a r t  

o f  t h e  c r e w  module. S p e c i f i c a l l y ,  t h e  power g e n e r a t i o n  module 

would b e  l o c a t e d  a t  t h e  ve ry  a f t  s e c t i o n  of t h e  c r e w  module. 

I 
2 

' 6.11 COMKUNICATIONS 

The communicat ion and  t r a c k i n g  s u b s y s t e m  w i l l  p r o v i d e  RF 

communicat ion and t r a c k i n g  l i n k s .  The ha rdware  w i l l  c o n s i s t  

of  v a r i o u s  t r a n s p o n d e r s  +or t r a c k i n g ,  t e lemet ry ,  commands, and  

v o i c e  t r a n s m i s s i o n ,  as w e l l  a s  t h e i r  r e q u i r e d  a n t e n n a s .  Audio 

p r o c e s s i n g  and d i s t r i b u t i o n  equipment  w i l l  a lso b e  p r o v i d e d .  

6.12 A I R  LOCK 

T h e  a i r l o c l :  p r o v i d e s  t h e  n e c e s s a r y  support f o r  e x t r a  



vehicular activity (EVA) b y  allowing access t o  and from the space 

tug and lunar lander. The small cylindrical chamber will 

allow f o r  depressurizing and repressurizing without affecting 

t h e  entire crew module, 
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T a b l e  6-1 

SPACE TUG WEIGHT ESTIMATION 

4 C o n t a i n e r s  - 
T r u s s  S t r u c t u r e  - 

Oxygen Tank (empty)  

Hydrogen Tank (empty)  

Oxygen p r o p e l  1 e n t  

Hydrogen p r o p e l  l e n t  

C r e w  Module 

- 65,000 l b s  e a c h  

M e m b e r s  and J o i n t  - 
Connect ion  p l a t e s  

- 

- 

- 

- 

- 

C r e w  of 3, p e r s o n a l  g e a r  + consummables - 

4 C o n t a i n e r  S u p p o r t  S t r u c t u r e s  -270 l b s  e a c h  - 
B a t t e r i e s  - 

Communicat ions - 

A t t i  t u d e  C o n t r o l  Sys tem - 

Thermal P r o t e c t i o n  - 

Power Module ( N u c l e a r )  - 

2 SSME’s - 6875 l b s  e a c h  - 

2 S h u t t l e  d e r i v e d  e n g i n e s  - 2000 l b s  e a c h  - 

c 

260,000 l b s  

15,000 l b s  

3,250 

7,200 

92,500 

15,500 

7,000 

1 9  500 

1,100 

900 

400 

2,500 

500 

7,300 

13,750 

4,000 

l b s  

l b s  

l b s  

l b s  

l b s  

1 b s  

l b s  

l b s  

1 b s  

1 b s  

1 b s  

l b s  

l b s  

1 b s  

flir Lock - 1.500 l b s  

. TOTAL WEIGHT - 433,000 l b s  
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CHAPTER 7 - CONCLUSXCNS AND RECOMMENDATIONS 

Due t o  t i m e  c o n s t r a i n t s ,  an in -dep th  a n a l y s i s  of  

b o t h  v e h i c l e s  w a s  n o t  p o s s i b l e .  Because t h e  t u g  w a s  

c o n s i d e r e d  t h e  p r i n c i p l e  a s p e c t  of t h e  p r o j e c t  and w o r k  i n  t h e  

area of l u n a r  l a n d e r s  had a l r e a d y  been  accompl i shed  i t  w a 5  

d e c i d e d  t h a t  o n l y  a p r e l i m i n a r y  d e s i g n  of t h e  l a n d e r  would be 

w a r r a n t e d .  F u r t h e r  development  of t h e  p r o j e c t  s h o u l d  i n c l u d e  
, I  

' a d e t a i l e d  l o o k  i n t o  t h e  l a n d e r ' s  s u b s y s t e m s  as w e l l  a5 

s p e c i f y i n g  i n  m o r e  d e t a i  1 p r o p u l s i o n  and  s t r u c t u r a l  d e s i g n  

r e q u i r e m e n t s .  

Al though t h e  t u g ' s  p r o p u l s i v e  and  s t r u c t u r a l  d e s i g n  w a s  

, c a r r i e d  o u t  i n  s o m e  d e t a i l  and t h e  f e a s a b i l i t y  of t h e  p r o j e c t  

v e r i f i e d ,  t h e r e  are c o n s i d e r a b l e  p o r t i o n s  of its development  

t h a t  were beyond t h e  s c o p e  o f  t h i s  r e s e a r c h .  A b l a c k  box 

approach  to subsys t em d e s i g n  w a s  u sed  and  t h e r e f o r e  a l l o w s  for 

f u r t h e r  r e s e a r c h .  I t  is recommended t h a t  a m o r e  precise 

d e t e r m i n a t i o n  of  t h e  t u g ' s  power r e q u i r e m e n t s  a l o n g  w i t h  l i f e  

j s u p p o r t  and  communicat ion needs  be made. 

Because  of t h e  t e c h n i q u e  employed to d e t e r m i n e  t h e  r e t u r n  

o r b i t ,  o n l y  a rough i n q u i r y  w a s  made i n t o  t h e  t r a j e c t o r y  and  

e n e r g y  of t h e  a e r o b r a k i n g  maneuver. In  o r d e r  t o  go beyond 

t h i s  a m o r e  s o p h i s t i c a t e d  m o d e l  must b e  deve loped .  T h i s  w i l l  

a l l o w  a m o r e  accurate and  d e t a i l e d  a s ses smen t  o f  t h e  e n e r g y  

, t h a t  w i l l  be  s a v e d  and t h e  t h e r m a l  and  s t r u c t u r a l  r e q u i r e m e n t s  

t h a t  w i l l  b e  p l a c e d  on t h e  tug  d u r i n g  t h i s  p o r t i o n  of  its 

f l i g h t .  

T h i s  p r o j e c t  s h o u l d  b e  viewed a s  a p r e l i m i n a r y  look i n t o  

- 07- 



the overall feasibility of a lunar transport system to 

logistically support proposed lunar activities. 

calculations and subsystem design rely heavily on current 

technology, especially that of the STS, 

capability of meeting the logistical support problem 

successfully. 

All 

and demonstrate the 

I ,  

! '  

i j  
I 

I '  

I 1  
I 

-- . . 
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APPENDIX 1 

ORRIT CALCULATIONS 

- .  

OUTBOUND ORBIT 

Vce= 7.613 k m / s  e, = -9649 el = 1.3627 VcH= 1.631 k m / s  
roe= 6878 km V p , =  10.671 k m / s  Vp4 = 2.508 k m / s  Toy= 1838 k m  
e = O  a, = 195820 km rpx= 1836.39 k m  
O@ p, = 13514.4 k m  Pa - - 4338.85 

r, = 375933 km r3 = 66,300 k m  
)(, = 1.3566 rad v, = 3.0075~10*-3 rad 

yi= cos-1 a,- r, = cos-1 (195820 - 375933) = 162.41' = 2.8346 rad 
(a) (e,) (195820) (-9649) 

= i-1- e(5inYj k2.8346 - .9649(sin 2,8345) 
tF: \3.986x10A5 -1 - 

= 349,032.68 sec 

tp .  = 4.04 days 

al = pA/ 1-elA2 

H, = cosh-1 (al-ra ) = cosh-l(-5,063.12 - 66.300) = 3.0271 

= 4338.55/(1 - 1.3627)̂ 2 = -5,063.12 k m  

(aj (622 (-5063.121 (1.3627) 

(5.063.12) "3 1.3627si nh (3.0271 ) -3.027 1 C 1 tpa =d-d/ukE sinhH - 

= 56,697.07 sec 

tpq = -66 days 
+ 

T.O.F. = t p 4 +  tp, = (4.04 + - 6 6 )  days = 4.70 days 

av, = vP, - vo0 = (10.671 - 7.613) k m / s  = 3.058 
t 

= (2.508 - 1.631) k m / s  = -877 
I v% hV, = - 
LIvtot = Av, + Av, = 3.935 k m / s  

yo= - va, - r, - w (tp, 1 = 2.8346 rad - 0 - 3.0075~10*-3 - 
2.64~10*-& (349,032.68) = 1.910 rad r r )  

yo = 109.44 
I 



! 
! 
I 

I 

! 
- ;  

I 

I 

OUTBOUND ABORT ORBIT 
I- 1 

VP4 = VP, - a V ,  =(10.671 - .877)= 9.794 k m / s  aA= 1/2 

a4 = 19,946.6 k m  

T= 2va*3/2 = 2’iT(19946.6)*3/2 = 28.035.91 sec = -324 days 
fi  --1/2 (3.986 x 10”5)*1/2 9 

‘;* = 2a, - rDQ = Z(19946.6) - (6878) = 33.015.2 k m  

LANDER O R B I T  

Von = 1.631 k m / s  
r,, = 1838 k m  

TRANSFER TO 5 k m  ALTITUDE 

1.609 k m / s  

Vpr  =.J 2(4887) (1/1743 - 1/2(1790.5)) = 1.696 k m / s  

F inal  e l l i p t i c a l  descent to sur-Face (ep= -96) 

Vap = \12(4887) (1/1743 - 1/2(889.29)) = -335 k m / s  

= Vpr - VaJ =(1-696 - -335) = 1.361 km/s 

Actual  Landing r = Ry = 1738 k m  

V s u r f a c e  = 2(4887) (1/1738 - 1/2(889.29)) = -358 k m / s  

- 0)= -358 k m / s  hV3 = V s u r f a c e  - Vlanding  = (-358 
J 



LfiNDER &BORT ORBIT 

R e t u r n  t o  p a r k i n g  o r b i t  a f t e r  second descent burn ( V s / c  = V a o  ) 

O V i a  = Vpi - Vap = A V ,  = 1.361 km/s 
v3 a = VOq - V q  = & V ,  = .a22 k m / s  

* A V t o t  = Ai+ +bV, ,+  + = (1.741 + 1.361 + .022) k m / s  

‘ D V t o t  = 3.124 k m / s  

T I M E  O F  F L I G H T  
I ,  

1 Trans fer  t o  5 k m  a l t i tude  

I T = 1/2$/= 1/2 2 a.”3/2 = 
i 

1790.5*3/2 = 3404.795 x -1 4887^1/2 3600 s 

- 

I - I  

= -946 Hr 

I 

i 

F inal  Descent 

= cos-1 (a;5)/aeD 

y ,= cos-1 889.29 - 1743 = 190 = 3,1416 R a d  
(889.29) (-96) 

q a =  cos-1 889.29 - 1738 = 173.79 = 3.033 R a d  
889.29(.96) 

! T ~  = J K F -  Y& - e(sin 

T,, = 7 [3.1416 - 3.033 - .%(sin 3.1416 - sin 3.033g 

TD = 1.803s x = 5 i: H r  
3600 s 

- sin ya -\ - 

T t o t  = Tf. + TD = -9465 Hr 

I 1  

i RETURN O R B I T  TO EILTITUDE OF 200 KM AT P E R I G E E  

Vp, = 10.917 k m / s  e2 = 1.4127 
I e ,  = -9668 r a  = 66300 km 

a, = 198238 km P, = 4436.46 k m  
r, = 357716 k m  

i i  

q, = cos-1 (a ,  - r, )/a?, = cos-1 198238 - 357716 = 146.315’ 
( 198238) (. 9668) 

-7 1- 
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cy ,=  2.5537 R a d  

2.5537 - -9,568 sin 2.5537 -1 - 

L - 
= 282,047.63 sec 

t p  = 3.26 days 

ad, = P!/(l - ecxA2) = (4436.46 km)/(l - 1.4127*2) = -4455.5 km 

H ,  = cash-1 (a2- F‘) = cash-1 (-4455.5 - 66300) = 3.1108 
(a> (e? (-4455.5) ( 1 . 4127) 

T.O.F. = (3.26 + .63)  days = 3.89 Davs 

RETURN ORBIT WITH BRAKING 

v = , [ Z p - ( l / r  -1/2a) 

V,.I;-J%, z(3.986 x lO”5) (116778 - 1/198238) = 10.752 

V a v g  = (2t10.752) + 10.917)/3 = 10.807 km/sec 

cos ‘p = 198233 - 6778 tv= 2.595 = -0423 rad 

tp = 1198238̂ 3/3.986Xl0*5 1.0423 - -9668 sin 2.5951 = 

Vp = 10.917 at altitude of  200 km 
‘ 

id---- 

(198238) (.9668) 
-. .- . -  

211.654 s 
L 

I 
1 

! 
10-9 - 

i 
I 

, :.-”t alt = 330 km 
x 

10- 12 !-----I 200 
300 l - v j ! o o  

Altitude-km 
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K = 1/2 x C x CI = 500 M*2 V = 10.807 x 10^3 M/S  

F = MCI F / M  = d V / d t  d V  = F / M  dt hV = F / M  At = FD A T  

, b V  = (-1,5131 (423.307) = -223 k m / s  

Vp = 10.694 =,[ 2&(l / r  - 1/2a) 

2(1/6578 - 10.694*2/2(3.986~10*5)) = l / a  a = 58358.3 b 4  c 1 
VfiLr=sw7fl.12 (3.986~ 10*5) ( 1/687t 

Vpark  = 7.613 bm/s 

V ~(10.444 - 7.613)~ 2.831 

V =(2.532 - 1 .631)~  .901 

V = 3.732 k m / s  

I 1 
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APPERDIX S 

WEIGHT ESTIMATION OF SPACE TUG 
HYDROGEN AND OXYGEN TANKS 

Both the  hydrogen and oxygen tanks are  c y l i n d r i c a l  w i th  
heni spher ical  ends 

Using the  ex i s t i ng  informat ion o f  t he  space s h u t t l e  external  
tank (ET) 

- ,  

Total  surface area: 13,614 
Total  Weight: 75,500 l b s  

I 

and the  equation f o r  t he  surface 
tanks 

4 R + 2 HL = TOTAL SURFACE 

f t A 2  
(Ref-. x )  

area o f  t h e  space tug ’s  

ARE4 

the  fo l l ow ing  computations were made: 

OXYGEN: Length(L1 = 2.170 f t  
Radius(R) = 6.25 f t  

Total Surface Area = 576.09 f t ” 2  

Set up propor t ion w i th  space s h u t t l e  ET in format ion 

576.09 f t ”2  X 76.500 l b s  = 3237 lbs 
13,614 f t A 2  

WEIGHT ESTIMATE OF OXYGEN TANK = 3250 LBS 

HYDROGEN: Length(L1 = 20.156 f t  
Radius(H) = 6.25 f t  

Tota l  Surface Area = 1292.4 f t * 2  

1282.4 f t * 2  X 76.500 l b s  = 7,206 l b s  
13,614 f t A 2  

WEIGHT ESTIMATE OF HYDROGEN TANK = 7,200 LBS 



and ~ i s i n g  t h e  y i e l d  stress o f  A1un;inum at 35,000 p s i  

A l l o w a b l e  stress = 35,000 p s i / l . S  = 23,333 p s i  

Minimum C r a s s  S e c t i o n  of Strut Members = 36,744 l b s / 2 3 , 3 3 3  p s i  

= 1 . 6  in*2 
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Appendix 1 0  

1. Weight Estimate 

payload - 65000 lb 
I engines (4 * 296 lb) - 1184 lb 

structure - 20000 lb 
total dry weight 86184 lb roughly= 85000 lb 

I i  

i -  
I 2. Engine Selection 
I 

- *  

Considering the gravity of the moon = l/S earth gravity, 

choose to accellerate at 1/5 earth g.  

weight of ship + +uel(guess) = 85000 + 40000 = 125000 

- 

I 

125000 lb / 5 =25000 lb 

Knowing that the OMS engine thrust = 6000 lb, 

sel ect four OMS engines 

6000 lb * 4 = 24000 lb 

I 

3. Fuel Estimate 

Total mass of ship at start of flight will be 

ma55 of ship = dry weight + original ma55 of fuel 
I 

= 85000 lb + MF 

I or = 85000 lb + fuel flow rate * burn time 
For the OMS engine, fuel burned in one second is 

' equal t o  11.9 lb NZ04 and 7.21 lb H2, or 

FFR = 19.11 lb/sec 

therefore, total fuel onboard > 19.11 * burn time. 

' These criteria are interatively solved by computer in 

-dG- 



a p p e n d i c e s  L2 and L3. LZ assumes  a r e q u i r e d  d e l t a  V of  

4 km/sec, and L3 assumes  a r e q u i r e d  d e l t a  V of 3.17 k m / s e c .  

The s o l u t i o n  f o r  L3 is 1870001b w i t h  a bu rn  t i m e  o f  2440.75 

s e c o n d s  and a n  average a c c e l e r a t i o n  of 4.33 f t / s ec*Z .  

4. G-Loading , 

I 

i :  

1 '  

I ,  , 
i i  

The 9- loading  of t h e  s t r u c t u r e  i n  f l i g h t  is found  by 

s i m p l y  a p p l y i n g  F = m a ,  or a = F / m  where 

m = m a s s  of s h i p  + o r i g i n a l  mass of  f u e l  - F F R  * t i m e  

= 85000 l b  + 187000 l b  - 19.11 l b / s e c  * t 
and F = t h r u s t  = 24000 l b  

T h i s  was s o l v e d  +or i n  a second-  by-second f o r m a t  by 

computer  i n  t h e  program i n  Appendix L4.1. The 9 - p r o f i l e s  

i n  ft/sec*2 and i n  e a r t h  g ' s  are i n  Appendices  L4.2 and L4 

-d7- 
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100 ! Fr iEL RESUIREMENT ANALYSIS FOR THE BOOSTER AND TUG STAGES 
1 1 0  ! OF THE GEOSEL TRANSPORT SYSTEM 
1211 ! 
130 ! This P r o s r a i r l  i s  b a s e d  C I P O I I  s e o e r a l  a s s i u m ~ t i u n s  t h a t  r e i l d  Faii-1;. 
140 ! g o o d  r e s u l t s .  The  f i r s t  o f  t h e s e  i s  t h a t  t h e  SSME u p e r a t i o n  i s  
190 ! l i n e a r  o v e r  t h e  t , h ~ r u t t l i n s  r a n s e  o f  70 t o  1007: t h r u s t .  T h i s  a s s u m p t i o  
160 ! is f a i r l r  a c c u r a t e  a c c o r d i n s  t o  a d i s c u s s i o n  ~ i t h  P r o f e s s o r  S a a r l a s  
170 ! o f  t h e  Naval A c a d e m r  A e r o s p a c e  D e P a r t o i e n t .  T h e  o n l r  P r o b l e m  w i t h  i t  
180 ! i s  t-hat t h e  IYiass F l o w  a t  70% t h r u s t  i s  n o t  n e c e s s a r a l l r  70% O F  t h e  
190 ! m a s s  F1or.i a t  lOC)i! t h r u s t .  No d a t a  was a v a i l a b l e  a b o u t  t h e  mass f l o w  
200 ! a t  t h i s  p o i n t ,  s u  i t  was a s s u m e d  t h a t  t h e  1iia.s~ F l o w  P e r c e n t a g e  w a s  t h e  
210' ! same as  t h e  t h r u s t  P e r c e n t a s e .  T h e  z i econd  a s s u w ~ t i o n  w a s  t h a t  small  
220 ! ' e n g i n e s  u i l l  be  d e s i s n e d  t o  h a u e  t h r u s t  a n d  titass f l o w  c h a r a c t e r i s t i c s  
230' ! ' p r o p o r t i o n a l  t o  t h o s e  OF t h e  SSME. For d e s i s n  p u r p o s e s 1  t h e  e n s i n e s  
240  ! w e r e  a s s u m e d  t o  b e  c o m p u t e r  c o n - t r o l l e d  w i t h  c o n s t a n t  i . i ~ J a t i n s ,  a n d  
250 ! t h a t  t . f i e r e  were i n s t a n t a n e o u s  r e s p o n s e s  t o  c h a n s e  O F  t h r o t t l e  coninlands 

_ _  260 ! 
27f:) ' ! 
280. D I M  
290 OPEN #F:  " M T F I L E "  

, I  

MI 5000 ) r TH ( 50Ofl ) 1 DI? ( 5(jOO 

300 SCRATCH # F  

320, I N P U T  M I  
330 ' PR i NT 
345,  PRINT "WHAT I S  THE MASS O F  ADDITIONAL STGGES AND T H E I R  FUEL ' I ;  

360 INPUT PL  
370 P R I N T  
380 P R I N T  "HOW M A N Y  PFl'iLOAD CONTAINERS WILL BE CARRIED BY THE ' I ;  

390 P R I N T  "TOTAL STRUCTURE" ; 
430 INPUT NL 
410 P R I N T .  
420 P R I N T  "WHAT I S  THE D E S I R E 9  DELTA-V I N  K I ~ I / s " ;  

310 P R I N T  "WHAT I S  THE EMPTY, UbJLOADE9 STRUCTURE MASS ( K 2 ) " ;  

350 P R I N T  "THAT I S  F~EI:IJG CARRIED DURING THE BURN (Ks)"; 

430 j I N P U T  DV 
440  ' P R I N T  
450 P R I N T  "WHAT I S  THE M k S S  OF FUEL THAT I S  DESIRED TO REMAIN ' I ;  

4 6 0  PRINT VFTER THE e-uTzt4 IS COMPLETED ( K ~ P ;  
470 I N P U T  F I  
480 PRINT 
490 L E T  DV=DC'* 1000 
500 P R I N T  "WHAT I S  THE DESIRED ACCELERATION I N  5's"; 
510 I N P U T  G 
525) P R I N T  
530 L E T  A=Ci*9.!307 ! a I N  IW/S  

546 L E T  T H 1 0 0  = 2090760 ! THRUST O F  ONE ENGINE 100% 

Read Y 

550 L E T  D H l ( j 0  = 467.2049 ! TOTAL MASS FLOW IN K ~ / S  e 100% 



560 LET TR=DM1OO/TH100 

980 LET M(1) = MI + 294B4 4 NL -L FI + PL . ! TOTAL MASS AFTER DELTFI-1.1 BURN 
590 LET DM(l)=TR+A*M(l) ! MASS FLOW IN Ks/S 
601:) LET TH(l)=A*N(l) ! THRUST REnUIRED A T  TIYE ONE 
G l C I  LET DT=TB/400 ! TIME INCREMENT USED 
620 PRINT "BURN TIME =";TB 
630 PRINT "DT =";DT 
640 LET SDT= INT(l/DT+.S) ! AVOIDS PROELEMS IN MATRICES 
650 PRINT "SCALED DT =' I  : SDT 
660 PRINT 
670 FOR T = 2 TO l+(TB+DT)*SDT STEP 1 
G 8 0 LET M(t)= M ( t - 1 )  + DM(t-l)*DT 
G90 LET TH(t) = A*M(t) 
7 0 1:) LET DM(t) = TR*TH(t) 

720 NEXT t 
730 PRINT "TIME-(:)" I "THRUST" I "FUEL PIASS" I "MASS FLOW" I " %  OPERATION" 
740  FOR T=l TO TB*SDT+G STEP S~SCJT 

760 NEXT T 
770 PRINT TB,TH(TP,*SDT+I) ,M(TB+SDT+l)-M(l) ,DM(TB*SDT+1) ,DM(Te,sSDT+l)/DM10091~[ 
780 LET MF=M(TB*SDT+l )-M( 1 )+FI 
7913 LET MH=MF*1/7 ! TOTAL MASS OF HSDROGEN 
E O 0  LET MO=MF*G/7 ! TOTAL MAS!; OF O::YGEN 
810 LET 0H=MH/70 ! TOTAL VGLUME OF LH2 
829 LET V O = M O / l l 4 9  ! TOTAL VOLUME OF L O X  
830 PRINT 
8401 PRINT "VOLUME OF HZ IS"; VH ;"CUBIC METERS" 
850 PRINT "VOLUME OF 02 IS"; tJ0 ;"CUBIC METERS" 
860 PRINT "TOTAL FUEL MASS IS"; MF ;"Ks" 
870 END 
R e a d  Y 

570 LET Te.=w.vA ! REQUIRED BURN TIME IN SECONDS 

710 PRINT #F: (TB-(t-l )/SDT) r M (  t ) - 1 4 (  1 )  

750 PRINT ( t - 1 )  /SDT TH ( t ) M t ) - M  ( 1 1 I DM ( t ) 7 DM ( t ) /DM1 OO* 100 

a. 

--- I 



, 



RUN 
FUEL 30 APr 86 23:08 

WHOT IS THE EMPTS'r UNLOFtDED STRUCTURE MASS (Ks)? 1134'3 

NHAT IS THE MASS OF A D D I T I O N A L  STAGES AND T H E I R  FUEL 
THAT IS BEING CARRIED OURING THE BURN (Kq)? 0 

HOW MANY PAYLOAD CONTAINERS i m L  BE CARRIED BY THE TOTAL STRUCTURE? (:I 

I4HAT I S  THE DESIRED DELTA-V IN K ~ I ~ / s ?  . S  

WHAT IS THE MASS O F  FUEL THhT IS DESIRED TO REMAIN 
AFTER THE BURN IS COMPLETED (Ks)? 0 

WHAT IS THE DESIRED ACCELERATION IN s ' - S ?  3 

BURN T I M E  = 16.9347 

SCALED DT = 24 
- -PT = 4.24867e-2 

TIME-(3 THRUST FUEL MkSS 
0 332524. 0 
5 3 4 5 0 (I 5 . 3EG. 496 
1 0 356764. 7813. 164 
15 368923. 1199.45 
16.9947 373902. 1368.69 

VOLUME OF H2 I S  2.79324 CUBIC METERS 
'JOLU!IE OF 02 IS 1.02103 CUEIC METERS 
TOTAL FUEL MASS I S  1366.69 Ks 

-95- 

MASS F L O W  X OPERATION 
74.5545 15.4576 
77.0955 16.5014 
79.7231 17.0636 
82.4402 17.6454 
63.5529 i 7.882G 



RUN 

F L E L  30 APr BG 23:19 

WHAT I S  T H E  E M P T Y ,  UNLCIADED S T R U C T U R E  M A S S  ( l < q ) ?  26310 

I J H A T  I S  T H E  MASS OF O D D I T I O N A L  STAGES G N D  T H E I R  F U E L  
T H A T  I S  B E I N G  C A R R I E D  D U R I N G  T H E  B U R N  (tis)? 0 

HOW MANY P A Y L O A D  C O N T A I N E R S  W I L L  BE C A R R - I E D  E'; T H E  T O T A L  S T R U C T U R E ?  4 

WHAT IS T H E  D E S I R E D  D E L T A - ' )  I N  K N / s ?  1 .450\\(:11. 

N H A T  IS T H E  MCISS OF F U E L  T H A T  I S  D E S I R E D  TO R E M A I N  
A F T E R  THE BURN IS C O M P L E T E D  (Ks)? 0 

LIHGT IS  T H E  D E S I R E D  A C C E L E R A T I O N  I N  s"S? 3 

e U R N  TIME = 47.619 
D T  = ,119048 
CCALED DT = 8 

, I  

T I ME-0 
0 
5 '  
i o  
15 
25, 
25  
3 0 
35 
4 0 
45 
47.619 

T H R U S T  
4.243BGe+G 
4.37B77e-G 
4.51797e+G 
4.GGlGe+G 
4.80979e+G 
4.96269e+G 
5.1204Se+G 
5.2B323e+G 
5.451lBe+G 
5.62447e+G 
5.71764e+G 

FUEL MASS 
0 
4585.52 
9316.81 
14196.5 
1323s. 4 
24432.4 
29794. G 
35327.3 
4103s. 9 
46925.9 
50092.7 

~JOLUME OF HZ IS 1 0 2 . x 1  CUEIC METERS 
OOLUME OF 02 IS 37.3687 C U B I C  M E T E R S  
TOTAL FUEL M A S S  I S  S(XY32.7 Ks 

Readr 

M A S S  FLOW 
948.341 
978.488 
i OC)9.5!3 

- 1 0 4 1  . G 9  
1074.8 
1 106.97 
1144.22 
1180.6 
1218.13 
l"LS6.85 
1277.67 

% OF?E!?ATION 
202 .282  
209.434 
216.092 

230. 0 5  
237.363 
244.909 
252.694 
260.727 
269.015 
273.47'1 

2 2 2 .  yOGz 



RUN 
FUEL 30 A p r  86 23:32 

WHAT IS THE EMPTY, UNLOADED STRUCTURE MASS (Ks)? 26310 
WHAT I S  THE MASS O F  ADDIT IONAL STAGES AeD XHCIR FUEL 
THAT IS BEING LARRIED D U R I N G  THE FLURf\J ( h s )  : (-1 

HOW MANY PAYLOAD CONTAINERS WILL BE CARRIED et'( THE TOTAL STRUCTURE? 4 

WHAT I S  THE DESIRED DELTA-0 I N  K I M / S ?  .677 

WHAT IS THE MASS O F  FUEL THAT IS DESIRED TO REMAIN 
AFTER THE BURfJ I S  COMPLETED (Kz)? 0 

WHAT I S  THE DESIRED ACCELERATION IN s'S? 3 

BURN TIME = 29.8086 
PT = 7.4521Ge-2 
SCALED DT = 13 

T I M E - 0  
0 
5 
1 0 
15 
20 
25 
29. E066 

THRUST FUEL MASS 
4.24386e+G cs 
4381153 4666. -14 
4.52289e+G 9483. a4 
4. G 6 9 2 e + G  14.457.1 
4.82026e+G 19591.2 
4976193 24891.5 
5.13215e+6 301 92.2 

IJOLUME O F  HZ I S  61.6167 CUBIC METERS 
VOLUME O F  02 I S  22.5231 CUBIC METERS 
TOTAL FUEL MASS IS 30192.2 Ks 

Read Y 

-37- 

MASS F L O W  
948.341 
979 , (32 
1 (:I 1 0 . 6 9 
1043.39 
1077. 1 4  
1111.99 
1146.64 

i! OPERATION 
202.982 
209.558 
2 16.327 
223.326 
230.55 
238.009 
245.468 
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